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Preface 





The classical theory of automorphic functions, created by 
Klein and Poincaré, was concerned with the study of analytic 
functions in the unit circle that are invariant under a discrete group 
of transformations. Since the unit circle can be regarded as a 
Lobachevskii plane in the Poincaré model, we may say that the 
classical theory of automorphic functions dealt with the study of 
functions analytic on the Lobachevskii plane and invariant under a 
discrete group of motions of the plane. 

In the subsequent development of the theory of automorphic 
functions the papers of Hecke, Siegel, Selberg, and a number of 
other investigators played an essential part. In particular, papers 
by Godement, Maass, Roelcke, Peterson, and Langlands cover one 
or another aspect of the connection between automorphic functions 
and the theory of groups. Another very interesting direction in the 
theory of automorphic functions can be found in works of Ahlfors 
and Bers. 

The whole development of the theory of automorphic functions 
pointed forcefully to the necessity of a group-theoretical approach. 
Recently many of the ideas of the theory have been linked with 
arbitrary Lie groups and their discrete subgroups. 

The connection between the theory of group representations 
and the theory of automorphic functions was made particularly 
precise in the last ten or twenty years, in the context of the develop- 
ment of the theory of infinite-dimensional representations of groups. 
Although this connection was perceived much earlier (for example, 
in papers of Klein and Hecke), a true understanding was achieved 
only after the construction of the theory of infinity-dimensional 
representations of Lie groups. 
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One of the first papers to establish this relationship was by 
Gel’fand and Fomin, in which the concepts of representation theory 
were linked with the theory of dynamical systems and the theory of 
automorphic functions. The connection of automorphic functions 
with dynamical systems already occurs, in essence, in earlier papers 
of Hopf on dynamical systems. 

Apart from the theory of infinite-dimensional representations 
of Lie groups, which had received a strong impetus in the last 
twenty years (in papers of Gel’fand and Naimark, Harish-Chandra, 
Gelfand and Graev, and others), an important part in the construc- 
tion of the modern theory of automorphic functions was the creation 
of the theory of algebraic groups by Chevalley, Borel, Harish- 
Chandra, Tits, and others. 

Perhaps one of the most remarkable ideas that have arisen in 
recent years is that of the group of adeles. In the process of writing 
this book the authors have convinced themselves how natural 
many concepts become when they are applied to the group of 
adeles and its discrete subgroup of principal adeles. 

The book ‘consists of three chapters. In the first chapter we 
consider problems of representation theory and the theory of auto- 
morphic functions connected with a Lie group and a discrete 
subgroup of it. Although the individual questions of this chapter 
are of a general character, the main results refer to the group of real 
matrices of order 2 and its discrete subgroups. In particular, in this 
chapter we give an account, in the language of representation 
theory, of the remarkable results of Selberg (Selberg’s trace formula). 

In the second chapter we construct the theory of representations 
of the group of matrices of order 2 with elements from an arbitrary 
locally compact topological field. The well-studied theory of 
representations. of the group of complex matrices and the group of 
real matrices arises here as a special case. Many facts of representa- 
tion theory become more conceptual in this general approach. We 
also mention that the special functions over an arbitrary field, which 
arise naturally in this theory, are closely related to interesting func- 
tions in the theory of numbers (Gauss sums, Kloostermann sums, 
and others). 

The third chapter is devoted to a study of the groups of adeles 
and the natural homogeneous spaces that arise in connection with 
these groups. Since it is assumed that the reader is not acquainted 
with the theory of adeles, the first two sections provide an expository 
account of the basic ideas of this theory. 

With the group of adeles there is connected a remarkable 
homogeneous space (the space of cosets relative to the subgroup of 
principal adeles), which has been the main object of study in all 
Papers concerned with adeles. But whereas these papers were 
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devoted to the study of the homogeneous space itself, the computa- 
tion of its volume (the Tamagawa number), and so forth, we study 
here the space of functions on this homogeneous space (see § 4, 6, 7). 
From this point of view the fundamental paper of Tate, in which he 
gives a derivation of the functional equation of the Riemann Zeta- 
function by means of adeles, can be regarded as an analogue (for 
the case of matrices of order 1) of the study of representations that 
we pursue here. Many of our results were also obtained later by 
other methods by Godement, whose work was very useful in writing 
§ 4 of this chapter. 

The last three sections are devoted to the beginnings of the 
general theory for adele groups of an arbitrary algebraic reductive 
group. A fundamental role in this theory is played by a certain group 
of automorphisms of the function space that forms a representation 
of the Weyl group. Symmetry with respect to this group is a 
veritable key to relations of the type of the functional equation for 
the Riemann Zeta-function. These automorphisms are closely 
connected with the so-called horospherical maps. The fact that 
much of the material in these sections is of quite recent origin 
inevitably leaves its mark on the character of the exposition itself, 
which is frequently complicated. 

The authors hope, however, that the additional burden the 
reader assumes in coping with these sections is perhaps compensated 
by the fact that, if he so wishes, he may participate in the work on 
these far from completely answered questions. 

The book can be read independently of the preceding volumes 
of the series Generalized Functions. However, conceptually it is 
closely connected with the theory of generalized functions and 
especially with the contents of volume 5, which deals with analogous 
problems in other material, It can be regarded as a natural 
extension of the fifth volume. 

The authors are deeply indebted to A. A. Kirillov, who has 
accepted the arduous task of editing the book and of writing one of 
the sections (Appendix to Chapter II) in which he expounds his 
own new results. 

Since sending the manuscript to the printers the authors have 
become acquainted with a preprint of an interesting new paper by 
Langlands, the material of the Summer School on the Theory of 
Algebraic Groups, and a paper by Moore. In these papers the 
reader will find additional information on the material of this book. 


I. M. GEL’ Fanp 
M. I. Graev 


I. I. PYATETSKII-SHAPIRO 





The theory of group representations has given us a new under- 
standing of classical results in the theory of automorphic functions 
and has made it possible to attack the problems of this theory on a 
wider scale and obtain a number of new and profound results. 
The language of the theory of adeles—a recently developed branch 
of mathematics—plays an important role. The book contains many 
new ideas and results that have so far been accessible only in 
mathematical journals. Therefore, the book should appeal to 
various circles of readers interested in contemporary mathematics. 
It may be recommended to students in advanced courses, to Ph.D. 
candidates and to research workers in pure mathematics. 
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HOMOGENEOUS SPACES 
WITH A DISCRETE 
STABILITY GROUP 





§1. GENERALITIES 


1. Homogeneous Spaces and Their Stability Subgroups. We 
begin with some general definitions. 

Let X be a topological space and G a topological group. We 
say that G is a group of transformations or a group of motions of X if to 
every element g of G there corresponds a one-to-one and bi- 
continuous transformation 

x —> xg 


of X into itself. Here we assume that the following conditions hold: 

1. To the unit element e of G corresponds the identity trans- 
formation, that is, xe = x for every x in X. 

2. (xg1)go = x(81g2) for every x in X and any gy, g, in G. 

3. The function f(x, g) = xg that assigns to every pair xe X 
and g €G the point xg € X is a continuous function of the pair x 
and g. 

A space X with a group of motions G is called homogeneous if 
every point x of it can be carried by motions into every other point. 
We also say then that G acts transitively on X. 

We recall how all homogeneous spaces on which a given group 
G acts transitively can be described in terms of G itself. 

Let X be a homogeneous space with the group of motions G, 
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In X we fix a point xy. With every point x in X we associate the set of 
transformations that carry x» into x. Let us see what this set is. To 
begin with we examine the transformations that carry x into Xp. 
Obviously they form a closed subgroup T of G. This subgroup is 
called the stability group of x9. Next, if g is one of the transformations 
that carry x) into x, then the set of all transformations carrying xo 
into x is the right coset Tg of F. 

So we have established a correspondence between the points 
of the homogeneous space X and the right cosets of P. This 
correspondence is one-to-one. 

Observe that the set of cosets T \ G is naturally endowed with 
the structure of a topological space: the neighborhoods of the coset 
Tg are the images of the neighborhoods of g under the map 
G—+I\G. 

The action of g in the original space X clearly corresponds to 
the multiplication of the right cosets by g in the space T \ G. 

Thus, every homogeneous space with the group of motions G can be 
obtained by the following construction. We take a subgroup T of G. With 
the points of X we associate the right cosets Tg of G with respect to T. The 
action corresponding to the element gy of G is defined as multiplication of the 
cosets on the right by go. 

This space of right cosets will always be denoted as follows: 

X=TV\G, 

We have established that every homogeneous space X with the group of 
motions G can be identified with the space of cosets T \ G, where T is the stability 
group of a point x) in X. Here the choice of the point x, itself is completely 
arbitrary. It is easy to see that the stability groups of distinct points are conjugate; 
for if an element g carries xy into x, then the stability group of x is the group 


g-1Gg. Consequently, the spaces I \ G and g-1Ig \ G connected with conjugate 
subgroups should be identified with each other. 


Our main object in this chapter is to study the homogeneous 
spaces T \ G, where G is the group of real (unimodular) matrices of 


( 


with the determinant «ô — By = 1, and I is a discrete subgroup 
of G. 


2. The Connection Between Homogeneous Spaces X = T \ G 
and Riemann Surfaces. There is a close connection between the 
spaces X = T \ G, where G is the group of real unimodular matrices 
of order 2 and T is a discrete subgroup of G, and Riemann surfaces. 
For T \ G can be interpreted as a fiber space whose base is some 
Riemann surface and whose fiber is a circle. 
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We begin with the case in which T is the trivial subgroup, that 
is, with the group space G itself. 

We consider all possible conformal self-transformations of the 
upper half-plane Im z > 0 of the plane of the complex variable z. 
It is well known that every such transformation can be described by a 


x 
real matrix g = ( with determinant |. The transformation 


Y 
has the following form: 
, _ a2 ry 
z = . 
z+ ô 
Here the product of two matrices corresponds to the product of the 
related transformations. 

Obviously the two matrices g, and g, define the same conformal 
self-transformation of the half-plane Im z > 0 only if g = +4). 
Thus, the group Gy, which is obtained from G by identifying the matrices g 
and —g, is isomorphic to the group of all conformal transformations of the 
half-plane Im z > 0. 

We define a linear element on a Riemann surface as a pair: 
a point and a direction given at this point. 

We shall show that the elements of Gy may be interpreted as 
linear elements on the half-plane Im z > 0. Let us fix a linear 
element /, on the half-plane, and let / be any other linear element. 
It is known that there exists one and only one conformal self- 
transformation g of the half-plane that carries J, into 1. So we have 
established the required one-to-one correspondence between the 
elements g of G, and the linear elements / on the half-plane 
Im z > 0. 

Hence, the space of elements of G in which g and —g are 
identified may be interpreted as the space of all linear elements in 
the upper half-plane Im z > 0. In other words, it is a fiber space 
whose base is the half-plane Im z > 0 and whose fiber is a circle. 
(The circle is identified with the set of directions at a point.) 

Now we shall give a similar interpretation for the space 
X = T \G, where I is a discrete subgroup of G. We assume that T 
contains the element —e and that the elements y # +e of T do not 
leave any point of the half-plane Im z > 0 fixed. 

We shall show presently that the space X = ['\G may be 
interpreted as the space of linear elements on a Riemann surface. 
In other words, it is a fiber space whose base is a certain Riemann 
surface and whose fiber is a circle. 

On the half-plane Im z > 0 we identify the points that are 
carried into one another by transformations of I. As a result we 





t The last condition is equivalent to the condition that a does not contain elements 
of finite order other than +e. 
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obtain a certain Riemann surface 2, that is, a one-dimensional 
(not necessarily compact) complex manifold. Now we consider 
the linear elements on the half-plane Im z > 0 and identify those 
that are carried into one another by transformations of I. It is easy 
to see that the space so obtained may be interpreted as the space of 
all linear elements on the Riemann surface 2. 

Here the assumption that a transformation y + +e of T has no fixed points 


is essential. For if some y + -+e leaves a point Z, fixed, we must identify those 
linear elements at z, that are carried into each other by y. 


Let us show that this space of linear elements on the Riemann 
surface is isomorphic to the original space ¥ = T \ G. 

We know that linear elements on the half-plane Im z > 0 may 
be treated as elements of the group G, obtained from G by identifying 
matrices g and —g. In this treatment each linear element on 2 
forms a set yg, where y ranges over T, that is, a coset of I in G, So 
the space of linear elements on 2 turns out to be identical with the 
space of cosets F \ G. 

We have obtained the following interpretation of the space 
X=fP\G. 

Let G be the group of real unimodular matrices of order 2, 
T a discrete subgroup of G containing the element —e and not 
containing clements of finite order other than +e. On the half-plane 
Im z > 0 we identify points that are obtained from each other by 
linear-fractional transformations from IT. We obtain a certain 
Riemann surface 2. The space of cosets X = I'\G is the space 
of linear elements on this Riemann surface Y and so is a fiber space 
whose base is 2 and whose fiber is a circle. 

A similar result is true when T contains elements of finite order. 
However, the homogeneous structure of the fiber space then breaks 
down at individual points. 


The upper half-plane Im z > 0 is a universal covering for the Riemann 
surface 2. But we are not concerned here with Riemann surfaces having as 
universal covering either the full sphere or the punctured sphere. The spaces of 
linear elements for such Riemann surfaces can be constructed more simply than 
in our case. 


The space of linear elements on a Riemann surface has a 
number of advantages compared with the Riemann surface itself. 
The main advantage is that the space of linear elements is homo- 
geneous. Its group of automorphisms is the group G, of linear- 
fractional transformations. Besides, as a rule the Riemann surface 
has a rather poor supply of admissible automorphisms. 

For example, it is not difficult to show that the number of automorphisms on 
every compact Riemann surface for which the upper half-plane Im z > 0 is a 


universal covering is finite. Let 2 be one of these Riemann surfaces, and let T be 
the discrete group, corresponding to 2, of automorphisms of the half-plane 


§ 1. GENERALITIES 5 


Imz > 0. We examine an automorphism y of 2. This automorphism can be 
extended in a natural way to a conformal transformation g’ of the whole upper 
half-plane Im z > 0, that is, to a fractional-linear transformation. Obviously, 
this conformal transformation g’ commutes with I, that is, 


gle =T 


Thus, g’ belongs to the normalizer N of T. Our aim is to prove that the coset 
space T \ G contains only a finite number of elements. Let us show that N is a 
discrete subgroup of G and, consequently, that T \ N is a discrete space. 

We consider an arbitrary hyperbolic element y of I; without loss of 


2 0 
generality we may assume that y is a diagonal matrix, y = ( 0 a) . Further- 


more, let y’ be any other clement of T, but not a diagonal matrix. We assume 
that N is not a discrete subgroup. Then we can find in N a sequence of elements 


€En converging to the unit matrix. We examine the elements y, = g,"yg, and 
yh = g; y'gan They belong to T and at the same time converge to y and y’, 


respectively. Since F is discrete, from a certain n onward we must have 
Sal VEn = Y, En VEn = V that is, g, commutes with y and y’. From the fact that 
g, commutes with the diagonal matrix y it follows that g, is itself a diagonal 
matrix. But this is impossible, because then g, cannot commute with y’. 

So we have shown that T \ N is a discrete space. On the other hand, from 
the compactness of I’ \ G it follows that T \ N is also compact. Consequently, 
T \ N contains only a finite number of elements, as required. 


3. The Fundamental Domain of a Discrete Group l. Let Y be 
a topological space in which a discrete group T of homeomorphisms 
y acts: 

Im W 

To say that T is discrete means that for every y € Y the set of 
points yy, where y ranges over T, has no accumulation points in Y. 
We shall always assume that T acts on Y effectively. This means that 
for every y #e there is a point y in Y for which yy # y. (The 
points y for which yy = y for at least one y ¥ e will henceforth be 
called fixed points.) 

Let us give examples of such spaces Y. 

l. Y is a topological group and T a discrete subgroup of it, T 
acting on Y as a group of left translations. 

2. Y is the upper half-plane (Im z > 0) of the plane of the 
complex variable z, and I" is a discrete group of conformal self- 
transformations of the upper half-plane. 

We now introduce the concept of a fundamental domain in Y 
relative to a group I’. A fundamental domain in Y relative to a 
group I is defined as an open set F € Y satisfying the following two 
conditions: 

1. For arbitrary y, Æ yə the sets y,F and yF, where F is the 
closure of F, have no common clements. 


2. The union of the sets yF, where y ranges over I’, is the whole 
space Y. 
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These conditions can be rephrased in the following way: 
Every point y of Y can be represented in the form 


= yx, (1) 
where ye T, xe F. This representation is unique for almost all 
points y; namely, if y = 7%, = ete, where yı, y € F and x, EF, 
x, € P, then y, = Y» %, =X} Thus, the points y for which the 
decomposition (1) may not turn out to be unique form the set 
r(F\ F). 

Observe that a fundamental domain relative to a group I is 
by no means uniquely defined by these conditions. In particular, if 
F is a fundamental domain, then every translation yF of it, where 
y e I, is also a fundamental domain. 

We shall now describe a method of constructing a fundamental 
domain under some simple additional conditions on the space Y 
and the group T. 

We assume that Y is a locally compact metric space, where the 
metric p( Y, J2) in Y satisfies the following condition: 

For any two points y, and y, we can find a third point y such 
that 

P( Yor 2) = P( Pars) = EP Yor): (2) 


We call such a metric p intrinsic. 

An example of a space with an intrinsic metric is an ordinary 
sphere on which the distance between points is measured by the 
angle on a great circle. Note that if the distance between points on 
the sphere is defined differently, namely, as the length of a chord 
joining them, then the metric is not intrinsic. 

It is easy to check that in a complete space with an intrinsic 
metric any two points Yọ y, can be joined by an arc y(t),0 <t <1, 
(0) = ya I(l) = Jn such that 


(I (t1)>0(te)) = (te — t) P01)» 0O<t <% <1. 


In particular, such a space is connected. 

It can also be shown that in a locally compact space with an 
intrinsic metric every bounded and closed set is compact. We 
assume that T preserves the metric of the space Y, that is, 


P(Yo> Wri) = Por J1) (3) 


for arbitrary yə 7, € Y and y eT. 
Now we can construct a fundamental domain relative to P. 
In Y we select a point y, that is not a fixed point. We consider 
the set F of those points y for which 


P( Jo?) < P(Yos.7) (4) 
for every y #e in F. 
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Let us show that F is a fundamental domain relative to T. 
Since T is discrete, it follows that F is an open set. Let y, € F 
and p(j,.1) = d. In Y we examine the neighborhood of yo 


Usa = D: PoI) < 3d}. 
This neighborhood is compact and hence there is only a finite number 


of elements 71, <., Ym Yi É 6, in T such that y;7% belongs to Ugg. 
Obviously for the remaining elements y € T we have p(y%, 91) > 2d. 
We consider the e-neighborhood of y, 


U, = D: PULI) < e}. 





It is easy to check that for e < min (5.4 9 q i=1,..., n)» 
d; = P(Y:J» Jı), this neighborhood belongs to F. Consequently F 
is open. 

Next we show that F satisfies condition 1 that is, the sets F 
and yF, y Æ e, do not intersect. For let y e F. Then for every y in 
T we have 


Pl Jor?) s P(Y» I). 
Since p(y») = P(Y» vy) and p(y aI) = p(Jo vy) we see that 


P(Wo» YI) < P(o YI). 


This inequality means that for y + e the element yy does not belong 
to F; thus, the set yF, y Æ e, does not intersect F. 

Finally, we show that F satisfies condition 2, that is, every 
point y € Y can be represented in the form 

= y“, 

where ye T, xe F. 

It is easy to check that the closure F of F consists of all those 
points y for which 

POI) < PoI) vel 


Let y be an arbitrary point of Y. Then we can find a y, € I such 
that 


P(Y) < P(o I) (5) 


for every ye IT. (Otherwise some neighborhood of y contains 
infinitely many points yy); but this is impossible, since T is discrete.) 
Since the metric p is invariant, it follows from (5) that 


P(o Yo?) S P(e Yo?) 
for every ye T. Thus, the point yoy = x belongs to F, hence 
Y = Yor, Where yg ET, xet. 
So we have shown that our set F is in fact a fundamental 
domain relative to F. 
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4. Discrete Groups with a Compact Fundamental Domain. 
There is much interest in those discrete groups of transformations 
T for which the closure F of a fundamental domain is a compact set. 
First we give a condition for compactness of F. We assume that there 
exists a compact subset K < Y such that 


Y = Yk, 
that is, every y € Y can be represented in the form 
2? = yk, 
where ye T, kek. 
Then a fundamental domain F relative to I such as we have 
constructed above has a compact closure. 
We note that the closure F of F consists of all points y of Y for 
which 
PoI) < P(Y I)» yel, Jo EF. (6) 
Let us assume that F is not compact. Then F is not bounded and so 


we can find in it a sequence of points y, such that p(y, Ya) > ©. 
To show that this is impossible, we represent y, in the form 


In = Vnkns 
where y, E L, k, E K. By (6) we have 


P( Io In) < P(Y ado» Ynkn)s 
and since the metric p is invariant, 


P( Po. In) <= P(o ka)» 


Since K is a compact set, the sequence p(y, Fn) is bounded. But 
then the sequence p(o, Yn) is also bounded, and this contradicts our 
hypothesis. 

We now discuss properties of discrete groups of transformations 
T and of their fundamental domains F, when F is a compact set. 

The following two propositions hold: 

1. There exists a finite number of elements Yı, -> , Yn Of T such that 
F can be given by the finite number of inequalities 


P(o») < P(Y: I)» i = l, ae MN 


2. The group T is finitely generated. 


Proof of 1. By the compactness of F there exists a number 
c > 0 such that 


PII) <e (7) 
for every y in F. We consider the elements y in F such that 
PoI) = P(r) (8) 


for at least one element y € F. There is only a finite number of such 
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elements.t For it follows from (7) and (8) that 


P(o Wo) < 2c; (9) 


since I is discrete, the inequality (9) can be satisfied only by a 
finite number of elements y. We denote the elements y = e 
satisfying (8) by 71, <- «3 Yn 

Next we show that F can be given by the finite number of 
inequalities 

PoI) < PJI) i=l... (10) 

Let us assume the contrary: then there exists a point y’ satisfying 
(10), but not belonging to F. 

We denote by E the compact set of points y satisfying (10) 
and 

pP( Jo) = is 


where ¢, = p(o) +¢. This set contains F and the point y’, 
which does not belong to F. We show that E is a connected set. 
Let y, € E. We consider a continuous arc y(t), 0 <£ <1, joining 
Y and y; and such that 


p( y(t)» (te) = (t2 — t) Po I1)» 0<4<4 <1. 


It is easy to see that all points of this arc satisfy (10) and 
consequently belong to E. Thus E is connected. 

Next we show that F is open in E. Indeed, F can be given in E 
by an infinite number of inequalities 


P(o) < P(o J)» (11) 


where y Æ €, Yy --», Yne But all these inequalities, except possibly 
a finite number of them, hold in the whole set E (for they hold for 
all y for which p(o yo) > 36). Consequently F can in fact be 
given in E by a finite number of inequalities of the form (11), and 
hence F is open in E. So F is a closed and open subset of E. But 
since E is connected, we must have F = E; this contradicts the 
assumption we have made and proves proposition 1. 

Proof of 2. We consider an open bounded set U containing F. 
We shall show that O can be covered by a finite number of sets yF. 
If we consider the contrary, then we can find in U a sequence of 
elements y, of the form Y, = y,%n) where y, € I, x, E F and the y, 


+ The set of these elements is not empty. Otherwise F = F, that is, F is an open and 
closed set. This contradicts the fact that the space is connected. 


t For we have p(7i0.9(t)) = plyin21) — pUrr(t))s consequently, since 
PVII) = PoI) 


p(y 7(E)) = (l — t) P7071)» 
we obtain 


P(o It)) = tpl ro9(1)) = p30 I8)). 
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are distinct. Since 0 and F are compact sets, we may assume without 
loss of generality that y, > Y, x, > x. But then it is obvious that 
y,x — y. This is impossible, since T is discrete. 

So we have shown that U can be covered by a finite number of 
sets yF, say by y,F, ..., Yaf. We examine the subgroup I” 
generated by the y, and show that I’ = T, so that T is finitely 
generated. We consider the set 

Y’ = U yF. 
yer” 

By construction of T”, this set contains together with every y’ F also 
a neighborhood y'U of it. Consequently Y' is open. But then the set 


yY’ = U yy'f, 
yer’ 


is also open, where y is an arbitrary element of T. The sets yY’ 
cover the whole space Y. It is easy to see that two such sets y,Y’ 
and yY ' either coincide or are disjoint. If at least two of them are 
distinct, then Y is a union of pairwise disjoint open sets yY; this is 
impossible, because Y is connected. So all the yY’ coincide, hence 
Y = Y'= U yF. Consequently, for any y e I whatsoever, the 


ar 
set yF is contained in Y'; but then yF = y'F for some y' eT’ 
and so y = y’. 

So we have shown that T coincides with the finitely generated 
subgroup TI”. 

Another proposition on discrete groups of transformations with 
a compact fundamental domain can be stated. 

3, If Y is a simply-connected space, then T can be given by a finite 
number of definining relations among tts generators. 

A proof of this proposition can be found, for example, in the 
paper of Weil [70]. 

So far we have discussed properties of discrete groups of 
transformations of an arbitrary locally compact space Y. Now we 
consider the case when T is a discrete subgroup of a locally compact 
group G. We show that if the space T \ G is compact, then the set 
of elements in G that are conjugate to any fixed y € T is closed in T. 

Let g;'yg;, y eT, be a sequence convergent to some geG. 
We show that g is also conjugate to y. 

We represent the g; in the form g; = yw, where y,€T, 
u, € F, and F is a fundamental domain relative to T. By hypothesis, 
F is a compact set. Therefore, without loss of generality, we may 
assume that the sequence u, converges to an element u € F. Then 
the equation 


lim (uty yyt) = 8g 


i> o 
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implies that 

lim yyy, = ugu-}. 
But since I is a discrete subgroup, the convergent sequence y;"yy, 
must be stationary for sufficiently large indices i. Hence, for 
sufficiently large i we have y;'yy,; = ugut, that is, the elements g 
and y are conjugate. This completes the proof. 

We apply this result to the case when G is the group of real 
unimodular matrices of order 2. The elements g # +e of G fall into 
three classes: elliptic elements (matrices with complex eigenvalues), 
hyperbolic elements (matrices with distinct real eigenvalues) and 
parabolic elements (matrices with multiple eigenvalues equal to +1 
or —1l). 

Clearly, the set of elements of G that are conjugate to a parabolic 
element g is not closed. The closure of this set contains one of the 
matrices ¢ or —e. 

We conclude: If for a discrete subgroup T of the group G of real 
unimodular matrices of order 2 T \G is a compact space, then T consists 
only of elliptic and hyperbolic elements. 


5. The Structure of a Fundamental Domain in the Lobachevskii 
Plane. Let Y be a Lobachevskii plane and T a discrete subgroup 
of motions on Y. In this subsection we study properties of a funda- 
mental domain corresponding to T in the case when the volume 
v(T \ Y) of this fundamental domain is finite. 

Here we can interpret the Lobachevskii plane Y as the upper 
half-plane 

Imz >0 


of the plane of the complex variable z; the motions in Y are then 
all the linear-fractional self-transformations 


, az + y 





= ô — =1 
z Bz Fo’ a By 
with real coefficients «, p, y, 6. 
The real line 
Imz =0 


can be treated as the family of points at infinity of the Lobachevskii 
plane. 

We recall how a fundamental domain F corresponding to a 
discrete subgroup of motions T can be constructed. On Y we select 
a point z, that is not a fixed point (that is, yZọ # Zo for y #1). 
Then a fundamental domain F with center at z, is given by a system 
of inequalities 


12 HOMOGENEOUS SPACES WITH A DISCRETE STABILITY GROUP 


Observe that F is bounded by geodesic arcs. For each of the 

equations ‘ 

P(Zo Z) = P(YZo Z), 
which define the boundary, is the equation of a geometric locus of 
points that are equidistant from the two given points z, and yZ». But 
it is well known that such a geometric locus of points is a geodesic. 

Thus, the boundary of a fundamental domain F is a polygonal curve A 
(possibly disconnected and possibly consisting of an infinite number of sides) 
formed by geodesic arcs. The polygon bounded by this curve is a star 
domain, because F contains, together with every point z, the entire 
geodesic arc joining the points z, and z. 

We shall now prove the following theorem, due to Siegel [65], 
on the number of sides of the polygon. 

If the area of the fundamental domain F is finite, then the number of 
geodesic arcs that form the boundary of F is finite. 

Note that for a domain F with compact closure the theorem has 
already been proved under 3; therefore, we need to consider only 
a domain without compact closure. 

The main step of the proof is an estimate for the angles w at 
the vertices of F. We show that 

S(r — o) <I +27, (2) 
where the sum is taken over all the vertices of F that do not lie on 
the line at infinity, and 7 is the volume of F. Let us now prove the 
inequality (2). 

We join all the vertices of A to Zo by geodesics and consider the 
triangles so obtained. Let 


wo Arms Åman ee Agy oes 


be a connected set of arcs of A with the vertices ... ams m41 ++ +5 
n’ --- (Figure 1). To be definite we assume that this set is 
unbounded in both directions. By ap, fw Yy we denote the angles of 
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the triangle with the side A,, and by w, the angle between A, and 
Azı; 80 we have 


Oy, = By + Vesa 


Now we can estimate the angles w,. We use the formula for the area 
of a triangle with angles «, $, y in a Lobachevskii plane: 


I=n-a—B-y. 
By this formula the area J(A,) of the triangle with the side A, is 
IAr) = 7 — ag — Be — Vee 
Consequently, 


nt 


Èa t FMA) =r- Ym — Ba + E(w). (8) 


But the left-hand side of this equation is bounded because X I (4,) < 
v(F), where v(F) is the area of F, and >) «, < 27; hence, the right-hand 
side is also bounded. From this it follows that the series } (7 — wp) 
converges, and that the limits lim y, = y_, and lim 6, = 8, 
exist. m=>— o n>+o 

Now we show that m — y_, —f, 20. For a, —> œ as 
k — œ (because only a finite number of arcs of A can be at an 
unbounded distance from z); hence, p(Zo, @,) > P(Zo, @z-1) for 
infinitely many values of k. But for these values of k we then have 


yx > Êr On the other hand, since B, + Yy < m, we have B, < 5 . 
Consequently fo < 5 . Similarly, we see that y_, < 3 . So we 


have shown that 7 — y_, — f» = 0. 


When we pass to the limit as m > — œ, n > +œ in (3) and 
bear in mind the inequality 7 — y- — Êa = ©, we see that 


+o +o +0 
È % + 2 I(A,) = È (7 — a). (4) 
k=—0 k=—œo k=—o 
The inequality (4) was obtained under the assumption that the 
connccted set of the A, is unbounded in both directions. By similar 
arguments we can verify that the same inequality is valid also in the 
other cases when the connected set of the A, is bounded in at least 
one direction, 

Adding all these inequalities we obtain the required estimate: 


2r +I >25 (r — ow), (5) 


where the sum is taken over all the vertices of F (at a finite distance 
from zy) and J is the volume of F. 
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On the basis of this estimate we shall now show that the number 
of vertices of F at a finite distance from z is finite. Let a be one of 
the vertices, and a) = a, a'®, ... all the vertices of F equivalent 
to a: 

ad = ya, pEr. 


By w® we denote the angles at the vertices a. It is easy to verify 
that if a is not a fixed point for y € T, y Æ 1, then 


wi) L w 4.45 = Qn, (6) 


But if a is a fixed point of order n (that is, the number of elements 
y e T that leave a invariant is n), then 
oY 1 wD peers 2m (6°) 
n 
To see this let us find all the displacements of F that abut on a. 
Obviously, these are the domains yy;'F, where y ranges over the 
n elements of T that leave a in its place. Since the domain yy;'F 
has the angle œw® at the vertex a, and since the sum of all the angles 
at a is equal to 27, we have 
wh) LoD 4... 27 
n 
Obviously, the equation (6’) is incompatible with (5) if F has 
an infinite number of vertices. 
It remains to show that the number of vertices of F on the line 
at infinity is also finite. 
We choose any N vertices of F on the line at infinity: By,..., 
By. Clearly, we can construct a polygon bounded by a finite 
number of geodesic arcs and lying inside F such that its vertices at 
infinity are the points B,,..., By. 
By a passage to the limit it is easy to verify that for the area J, 
of this polygon the following formula holds: 
È (r — w) =2r +h, 
where the sum is taken over all the vertices of the polygon, and w 
are the angles at the vertices. Since w = 0 for a vertex at infinity, 
we deduce that 
aN <27 +I <2r 4+ 0(F). 


So the number N is bounded. 
This shows that if the volume of F is finite, then the number of 
its vertices is finite. In particular, so is the number of vertices of F 
on the real axis E: 
Im z=0 
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Now we shall study properties of the vertices of F on the real 
axis E. 

First of all we observe that if F is not compact, then it has at least 
one vertex on E. Consider all possible geodesics starting at z); each 
geodesic uniquely determines a direction / at z,. We denote by r(/) 
the length of the arc of the geodesic inside F. The number 7(/) may 
be equal to œ, in which case the geodesic lies entirely within F. 
Obviously r(/) is a continuous function of / for those / for which 
t(l) < œ. Therefore, if r(/) < œ for all /, then the function 7(/) is 
bounded. But then F is a compact domain. Consequently, if F is 
not compact, there exists a direction / for which 7(/) = œ. We take 
one of these directions /. The intersection with the real axis E of the 
geodesics that start from z, in the direction / is a vertex of F. So we 
have shown that F actually has vertices on the real axis Æ. 

We now show that for every vertex b of F on E there exists an element 
ye Tl, y A +1, that leaves b fixed. 

Let b be one of the vertices of F on E. We examine all the 
displacements yF of F having their vertex at b. Clearly there is an 
infinite number of such displacements yF, which we now describe. 
Let 6) = b, b, ..., 5” be the vertices of F equivalent to b: 


b = yb, y,eT, kal,...,m 


"9 


By what we have shown above, the number of these vertices is finite. 
Clearly every displacement of F having b as its vertex is of the form 


yy F, 


where y ranges over the elements of I’ that leave 4 fixed. Since there 
is an infinite set of such displacements, whereas y; ranges over only a 
finite set, there must exist an infinite set of elements y that leave the 
point b fixed. 

So we have shown that there must exist an element y €F, 
y Æ +l, that leaves b fixed. We now show that every such element y 
is parabolic. 

Let us assume the contrary: y is not a parabolic element. We 
consider the geodesic z(t), 0 <£ < œ, z(0) = Z» joining the 
points z, and b. This geodesic lies entirely within F, therefore 


P(Zo 2(£)) < ply% z(t), O<t<o. (7) 


Through z we lay the horocycle w orthogonal to z(t). This horo- 
cycle can be represented in the form of a circle touching the real 
axis at b (Figure 2). Since by assumption y is not parabolic, the 


+ A transformation yéT is called parabolic if it is given by a matrix with 
multiple eigenvalues equal to +1 or to --!. 
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Figure 2 


point yz, does not belong. to this horocycle (otherwise the trans- 
formation y carries the whole horocycle into itself, and only 
parabolic transformations have this property). Without loss of 
generality we may assume that yz, lies inside the horocycle; 
otherwise we replace y by y~!. We lay a geodesic z’(t) through the 
points yz, and b and measure the arc length from the point of 
intersection z% of this geodesic with the horocycle œw. Then we have 


P(Zo, 2(t)) = p(Zo 2'(4)) = p(Zo Zo) + P(YZo z'(®)). (8) 


But, as is well known, p(z(t), z’(£)) ~ 0 as ¢— œ; therefore, the 
distance p(y2Z, z'(t)) differs by an arbitrarily small amount from 


p(yZ,, z(t)) for sufficiently large ¢. Consequently, by (8) we find 
that for sufficiently large ¢ 


P(Zo 2(t)) > p(7Zo: 2(4)). 


This inequality contradicts (7). So the assumption that y is not 
parabolic is false. 

Let us state the final result. Ifo(T \ Y) < œ, then there exists 
a fundamental domain F bounded by a finite number of geodesic 
arcs. Here the vertices of F on the real axis are parabolic points; 
this means that for each of them there exists a parabolic 
transformation y € l, y # 4-1, that keeps this vertex fixed. 

We shall now show that there exists a fundamental domain F 
satisfying the following additional condition: the vertices of F on the 
real axis are pairwise inequivalent. 

It is enough to show the following proposition. Let 5 be a 
vertex of a fundamental domain F on the real axis such that there 
exists vertices b9 = y,b,..., b = y,b equivalent to b. Then we 
can construct another fundamental domain that has fewer vertices 
on the real axis than F has. 

For let / be one of the sides of the polygon F starting from b. 
It is easy to verify that there exists an element ye l with the 
following propertics: 

l. y carries a certain vertex 5) into b. 
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2. y carries one of the sides /’, /” of the polygon F starting from 
ba into l 

Let F, < F be a triangle formed by the geodesics /’, 7”, and 
a third geodesic. We consider the domain F’ = (F\F,) Y YEr 
obtained from F by deleting F, and adding the triangle yF, 
Clearly this F’ is a fundamental domain relative to T. By construc- 
tion it has on the real axis the same vertices as F except for 5‘, 
This completes the proof of the proposition. 

From our description of the fundamental domain F it follows 
immediately that it can be split into subdomains of simpler structure. 
For let F(b), where b is a parabolic point, denote the triangle 
bounded by two geodesics starting from 6 and the horocycle w 
touching the real axis at b. Then we have 


F = > F(b.) + Fo 
k=1 
where the sum is taken over all the parabolic vertices of F, and Fy 
is a compact set. 

It is easy to verify that each of the domains F(6,) has the 
following properties. Let F(b,) be bounded by two geodesics / and 
l and the horocycle w. Then the geodesics / and /’ are equivalent 
to each other, that is, they are carried into one another by some 
transformation y € I leaving b, fixed; also, every point inside w 
can be carried into F(6,) by some transformation y € I leaving b, 
fixed. 

In § 6 essential use will be made of such a decomposition of a 
fundamental domain. 


§2. REPRESENTATIONS OF A GROUP G INDUCED 
BY A DISCRETE SUBGROUP 


With every discrete subgroup T of a locally compact group G 
we associate a certain collection of unitary representations of G, 
the so-called induced representations. These representations are 
reducible. Our task is to decompose them into irreducible 
representations or, what is the same, to find their spectrum. 

We attack this problem in the case where X = ['\G is a 
compact space. In §2.3 we shall show that in this case the 
representations of G connected with a subgroup [ have discrete 
spectra of finite multiplicity. In other words, they split into a 
discrete sum of irreducible representations each of which occurs in 
the decomposition with a finite multiplicity. In § 2.4 we shall 
obtain the trace formula, which enables us to classify all the 
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irreducible representations occurring in the decomposition. Applica- 
tions of the trace formula to some concrete groups will be given in 


§ 5. 


1. Definition of Induced Representations. Let G be a locally 
compact topological group. With each discrete subgroup T of G 
we associate a collection of unitary representations of G. 

We begin with a description of the simplest of these representa- 
tions. It is constructed in the space of functions f(x) on X = T \G, 
having integrable square modulus: 


tat = [Leni ds < ©, 


where dx is the invariant measure on X. The representation 
associates with every element g of G an operator T (g) of the following 
form:f 


T(g)f (x) =f (*8), (1) 


(We recall that xg denotes the point of X into which x is carried by g.) 
The operators T(g) are unitary; this follows immediately from 
the fact that the measure dx is invariant under the motions x — xg. 
We call (1) the representation generated by the homogeneous space 
r\c. 

The general construction of a representation of G induced by a 
subgroup T consists in the following: 

Let y(y) be a finite-dimensional unitary representation of I, 
acting in a space V.t We consider the Hilbert space. H(x) of all 
measurable vector functions f(g) on G with values in V satisfying the 
following two conditions: 


L fly) = AFA (2) 
for every ye T. 
2. Uf) = Í [iS] dr < 0, (3) 
xX 


where [f fa] is the inner product in the finite-dimensional space V. 
The representation associates with every element g, of G an operator 
T (go) of the following form: 


T (go) f(g) =S(880)- (4) 


It is easy to verify that these operators are unitary. 


+ It would be more correct to write (T (g) f )(x). However, to simplify the notation 
we always omit the extra pair of parentheses. . 

+ A similar construction is, of course, also possible for infinite-dimensional unitary 
representations of T. 
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We say that the representation (4) is induced by the subgroup T 
(or, more accurately, induced by the given representation y(y) of T). 

Observe that the representation (1) is a special case of this 
construction in which y(y) is the unit representation. Then f(g) 
is a scalar function so that the representation space V of y(y) 
is one-dimensional. The condition (2) then takes the form 
Sira) =F(8)- 

This means that the functions f(g) are constant on the cosets 
T \ G so that they can be regarded as functions given on the homo- 
geneous space X = l \ G. We now indicate another realization of 
the representation T(g) induced by I’. Let F be a fundamental 
domain in G relative to F. This means that every element g of G 
can be represented in the form 

g =, (5) 

where ye T, xe F, and the decomposition (5) is unique for all 
clements g with the exception of a set of smaller dimension. 

Obviously every vector function f(g) from the representation 
space H(x) is uniquely determined by its values on F; conversely, 
every function on F can be uniquely extended to a function satisfying 
the condition (2) on the whole group G. 

In this way we arrive at a new realization of the space H(y). 
In this model the elements of H (x) are all possible vector functions 
f(x), x © F, assuming values in the representation space V of x(y) 
and satisfying the condition 


A) = Í [Af] dg < 0 (6) 


[Af] is the scalar product in F. 

Note that (6) does not depend on the choice of the fundamental 
domain; this follows from the fact that the expression [ f(g), f(g)] is 
preserved when g is replaced by yg, where y e I’. In this model the 
representation operator T (g) is given by the following formula: 


T(S = ay) F's (7) 
where y e T and x’ e F are defined by the relation 
xg = yx’. (8) 


_ With the discrete subgroup IT we can associate yet another 
important representation of G. Consider the set of all subgroups I, 
of finite index in G. Let T,(g) be the representation of G generated 
by the homogeneous space X; = T, \G. As we know, this represen- 
tation acts in the space L,(X,) of functions of integrable square on X,. 

Observe now that if T; = T, then we have a natural imbedding 
L,(X,) c L,(X,). For functions from L,(X,) can be regarded as 
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functions on G that are constant on the cosets of I',; but then they 
are also constant on the cosets of F, that is, they belong to L,(X;). 

Hence it follows that we can construct another Hilbert space 
H, which is the direct limit of the spaces L,(X,). This space can be 
described as follows. We index the groups I; by means of the 
natural numbers and we set =F, M=T,an::- nr, 
(@@=1,2,...), X; = P,\G. Then we have [; © F-n and so 
L,(X/_,) € L,(X7). We denote by H, the orthogonal complement 
of the subspace £,(X;_,) in (Xj). Then H is the direct sum of the 
Hilbert spaces L,(X) and of H,, Hg, . 

There is a natural definition for a representation of G in H, 
because one is defined in each of the spaces L,(X), Hy, Ha... 

Some of the results concerning spectra relative to Z,(X) remain 
valid for the space H. 

Let us assume, for example, that X = I \ Gis a compact space. 
Since the subgroups I’, have finite index in G, the spaces X, = T, \ C 
are then also compact. As we shall show later, in this case each of 
the spaces L,(X,) splits into the direct sum of a countable number of 
invariant irreducible subspaces, and each of these subspaces occurs 
in L,(X,) with a finite multiplicity. In other words, the spectrum of 
the representation in L,(X;) is discrete and of finite multiplicity. 

Clearly in this case the representation in H also splits into a 
countable direct sum of irreducible representations. 

It would be very interesting to study this decomposition in 
detail. For example, is it true to say, at least in the particular case 
when G is the group of real matrices of order 2, that the irreducible 
representations occurring in H form in a certain sense an every- 
where dense scet in the space of all representations? Is the multiplicity 
with which an irreducible representation occurs in this decomposi- 
tion finite? 


2. The Operators T,. An important role in the theory of 
representations is played by operators of the form 


T, =| T(E) de, (1) 


where T (g) is the representation operator, ¢(g) is a certain function 
on the group, and integration is with respect to the invariant 
measure dg on G.t 

The integral (1) necessarily converges when ¢(g) is a continu- 
ous finite function on G (or a function that decreases sufficiently 
fast at infinity). t 


t Throughout we assume that the measure dg is two-sided invariant, that is, 
dg = d(gg,) = d(gog) for every element 2E G. 


+ that is, of compact support (Tr.) 
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It is easy to verify that if gy, and gy, are finite continuous 
functions, and A, and A, complex numbers, then 


Taone = AT», + AT oy (2) 


T 5, o T To To (3) 


where p, * pa is the convolution. Thus, the correspondence y > T, 
is a representation of the algebra of finite continuous functions (g) with 
multiplication defined as convolution. 

We mention also that if T is a unitary representation, then 


Tox = TS; (4) 
where y*(g) = (g-'). From (3) and (4) it follows that T,,, 94 is a 
self-adjoint positive definite operator. 

The transition from the representation operator T(g) to T, is 
convenient because the latter sometimes turns out to be a completely 
continuous integral operator (or an integral operator with a 
Hilbert-Schmidt kernel). This allows us to apply classical results 
in the theory of integral operators to the investigation of 
representations T. 

In this subsection we discuss the unitary representation of a 
locally compact group G induced by a discrete subgroup T. We 
show that if X = ['\G is a compact space, then for every continuous 
finite function o(g) on G 


T, =| 96) Te) de (5) 


is a completely continuous integral operator. 

Proof. We give an explicit expression for T,. The representa- 
tion T(g) of G connected with I’ is given by a certain unitary 
representation y(y) of T acting in a finite-dimensional space V. 
The representation T (g) acts in the space H (yx) of vector functions 
on G with values in V and satisfying the condition 


Sve) =x) f(g), vets, ge. (6) 
The representation operator T (g) is given by the formula 
T (go) f(g) =F (880). (7) 


By means of (5) and (7) we obtain the following formula for T,: 


T fe) =| lef (eg) de. 


v 


Making the change of variable gg = g’, we obtain 


T fle) =S olere Se) de = | ( Z o ved xS e) dew 


G 
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where F is a fundamental domain relative to F. So we see that T, 
is an integral operator whose kernel is 


K (gr 82) = 2. p(er yg) x(¥)- (8) 


Note that the summation in (8) is taken, in fact, over a finite 
set y. For we may assume that g;*yg, belongs to a fixed compact set 
for all y, because (g) is a finite function. On the other hand, gı 
and g, also belong to a compact set, namely the closure of the 
fundamental domain F. Therefore y also belongs to some compact 
set. But the collection of all y is discrete, and so y in (8) can range 
only over a finite set. 

From the remark just made it follows that the kernel KX (g,, £2) 
of T, is a continuous function of g,, gẹ Hence T, is a completely 
continuous operator in H (x%).t 

We now show that T, is completely continuous for a class of 
functions wider than that of finite functions. Let us consider a 
continuous function ¢(g) satisfying the following condition: there 
exists a nonnegative summable function g,(g) on G and a compact 
neighborhood U of the unit element of G such that for every 
EG 


j(@0)! < f (ene) de- (9) 


U 


Next we show that the series (8) for the kernel K(g,, g2) of T, 
(which need no longer be finite) is absolutely convergent. 
Indeed, for fixed g,, £a and y we have the inequality 


| p(gi' YE) < fater "y8o8) dg. (10) 
U 


Observe that the sets gy 'ygU corresponding to y and y’ for fixed 
g, and g, overlap if and only if y'-ty € gUU~tg;'. Since T is 
discrete, the compact set g UU-!g7* contains only a finite number N 
of elements of F. Hence it follows that for fixed g, and g, not more 
than N of these sets gī*y'gU can intersect g;*yg,U. But then we 


+ Here we use the following well-known fact: let H be the space of functions f (x) 
given on a compact set X and such that f | f(x)|? dx < œ. If K(x, y) is a continuous 
function on X x X, then an integral operator on H with kernel K(x, y) is completely 
continuous. ; 

+ It is easy to see that finite functions satisfy this condition. For if p(g) is a finite 
function, then we can take for U any compact neighborhood of the unit element, and 
@,(g) can be defined, for example, by the formula 


Pilg) = lole 


—— max 
mes U pey 
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have by (10) 
2 lols yg) < N f pala) dg 
ye v 


G 


that is, 2. v(g'yge) is an absolutely convergent series. From this it 


follows immediately that the series (8) for K(g,, £2) is absolutely 
convergent. 

By similar arguments we can verify that the series for K 
converges uniformly in g, and gz, when g, and g, belong to a fixed 
compact domain in G and, in particular, when g,, g, € F. Since all 
the terms of the series for K(g,, g) are continuous, K(gi, gajis a 
continuous function of g, and gp. 

Thus, if X = ['\G is a compact space, then for every continuous 
function (g) satisfying (9) the operator T, = f y(g)T(g) dg is a 
completely continuous integral operator. 


3. The Discreteness of the Spectrum of the Induced Representa- 
tion in the Case of a Compact Space X =T \ G. As before, let G 
be a locally compact topological group, and T a discrete subgroup 
of it. We shall now prove the following proposition. 

THEOREM. If X =T \G is a compact space, then the representation 
T/g) of G induced by T splits into a discrete sum of a countable number of 
irreducible unitary representations, each of finite multiplicity. 

In other words, the spectrum of the representation of G in 
X = T \ Gis discrete and of finite multiplicity. 

To prove the theorem we consider the operator 


T, ={ oe )T(g) dg, 


where (g) is a continuous finite function on G. In § 2.2 we have 
shown that these operators are completely continuous. Therefore 
the proof of the theorem reduces to the proof of the following 
proposition. 

Lemma. If, for a unitary representation g —> T(g) of a locally 
compact group G in a space H, the operator T, = § p(g)T(g) dg is 
completely continuous for every finite continuous function y(g), then H splits 
into the sum of a countable number of invariant subspaces on which the 
representations of G are irreducible and of finite multiplicity. 

Proof of the Lemma. We consider continuous finite functions 
¢{g) satisfying the additional condition 


els) = v(g-*), (1) 


The operator T, = f y(g) T(g) dg corresponding to such a function 
is a self-adjoint, RAA continuous integral operator. For we 
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have 
Ts = fT T* ds = PETE) de =| PENT) de, 


so that, by (1), 77 = Tọ 

Consequently, T, has a countable discrete spectrum, and all 
the eigenvalues A 4 Ô of T, are of finite multiplicity. (See, for 
example, Smirnov [67].) Thus, the representation space H splits into 
the direct sum of subspaces 


H = H, + 3 Hew (2) 


where H, is the subspace of all vectors f with the eigenvalue 0, that 
is, those for which Tf = 0; H,,, is the subspace of all eigenvectors 
of T, with the given cigenvalue 4, #0. All the spaces H, , are 
finitc-dimensional. Obviously, a similar decomposition holds for 
every invariant subspace H’ = H, namely: 


= H, +34 ok? (3) 


where H, © Ho, Hy, © Ay x. 

Now we consider all possible subspaces H, ,, where y ranges 
over the continuous finite functions satisfying (1). Let H, be the 
minimal subspace containing all the H,,. We show that H, 
coincides with the whole space H. 

Suppose the contrary. We choose a vector f #0 from the 
orthogonal complement of H,. This vector is orthogonal to the 
H.x and so by (2) it belongs to H,. In other words, Tf = 0 for 
every function g. We show that this is impossible. 

From the definition of the representation of a group it follows 
that the sequence of vectors T (g) f converges to f when g converges 
to the unit element. Thus, for every e > 0 we can find a neighbor- 
hood U of the unit element for which 


ITS- <e if] 


when g e U. We choose a continuous finite function (g) satisfying 
apart from (1) also the following two conditions: 

1. gl£) is concentrated in. U and assumes only real nonnegative 
values, 

2. f plg) dg = 1. 

For such a function g(g) we have 


Tof -S =Í HATOS- P) de 


U 
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Consequently, 


IT,f—f <f oe) ITS —fide<elf le 


Ù 
Since T,f =0 by our assumption, we then have |'f || < elf! 
for every £ > 0, which is impossible. 

So we have shown that the minimal space containing all the 
finite-dimensional spaces H, , coincides with the whole space H. 
Hence, from (3) it follows that every invariant subspace of H has 
a nonzero intersection with at least one H,,,. On the basis of this 
fact we construct a decomposition of H into the direct sum of 
invariant irreducible subspaces. 

We fix an arbitrary subspace H, , and examine the intersection 
of H,,, with all invariant subspaces of H. From these intersections 
we select a nonzero subspace of minimal dimension, which we 
denote by Hj. We take all the invariant subspaces that intersect 
H,, in Hj, Among them is a minimal subspace H, the 
intersection of all these spaces. 

Let us show that H, is irreducible. For suppose that H, can 
be decomposed into the direct sum of invariant subspaces 


A, = Ay + Hiz 


From the definition it follows that H; „, must be contained entirely 
in onc of the subspaces H,, and H,,. But this contradicts the fact 
that H, is the minimal invariant subspace containing Hg, 

So we have selected an invariant irreducible subspace H, of H. 
We consider the decomposition H = H, + Hi, where H, is the 
orthogonal complement to H,. Now H; is invariant. Consequently, 
there exists a space H, , with which H; has a nonzero intersection. 
Repeating the preceding arguments for H; we can select in H; an 
invariant irreducible subspace H,, etc. 

Continuing this process transfinitely, we obtain the required 


decomposition 
H => H, (4) 


of H into a direct sum of invariant irreducible subspaces H,. Since 
H is a separable space, the set of terms in this sum cannot be more 
than countable. 

Finally, let us show that the multiplicity of each irreducible 
representation occurring in H is finite. We consider an arbitrary 
irreducible subspace H, of H in (4). We can pick out an operator 
T, having in H, an eigenvector with the eigenvalue 2 40. But 
then clearly every space H, in which an equivalent representation 
acts also contains an cigenvector of T', with the same eigenvalue 
4 #Q. However, there are only finitely many linearly independent 
eigenvectors of T, with the given eigenvalue 4 #0, Hence the 
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number of spaces H, equivalent to H, is finite. This completes the 
proof of the lemma. 

So we have shown that the spectrum of the representation of a 
locally compact group G connected. with a discrete subgroup I is 
discrete and of finite multiplicity, when X = T \ G is a compact 
space. 


We call a unitary representation T of a group G completely continuous if for 
every summable function y on G the operator T, is completely continuous. 
We have shown that every completely continuous representation has a discrete 
spectrum of finite multiplicity. We can give a necessary and sufficient condition 
for T to be a completely continuous representation, in terms of its spectrum: 
the representation T = -T is completely continuous if and only if: 

1. Each irreducible component T; is completely continuous. 


2. The sequence {7;} has no limit points in the set Ĉ of all irreducible 
representations of G, endowed with the natural topology. 

For a wide class of Lie groups, in particular for all semisimple and all nil- 
potent groups, it can be shown that every continuous unitary representation is 
completely reducible. Hence for these groups the first condition always holds. 
‘The second condition is clearly a sharper form of the postulate that the spectrum 
is of finite multiplicity. 


4. The Trace Formula. Again, let T(g) be a representation of 
a locally compact group G and induced by a discrete subgroup T 
such that X = T \ G is a compact space. In § 2.3 we have shown 
that T(g) has a discrete spectrum of finite multiplicity. In a certain 
sense, the trace formula, which we derive in this subsection, embraces 
a complete classification of all irreducible representations occurring 
in T(g). 

Since our operators T(g), being unitary operators in an 
infinite-dimensional space, do not have a trace in the usual sense, we 
discuss the operators 


T, = f oT) dg. 


As we have shown in § 2.2, they are, under certain conditions on 
¢(g), completely continuous integral operators. This is so, for 
example, when 9(g) is a finite continuous function, and also in the 
more general case when (g) satisfies the estimate 


| (go) | < f plead) dg, (1) 
U 


where U is a compact neighborhood of the unit element of G, and 
71(g) is a nonnegative summable function on G. 

We assume further that the T', are self-adjoint positive definite 
operators. This is true for functions of the form 


plg) = v(g) * (gt). 
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The kernels K(g,, £) of the T, are given by the following 
formula: 


K (81, 82) = 2. gle yg) x(7)- (2) 


Here y(y) is a fixed finite-dimensional unitary representation of the 
subgroup T by which T (g) was defined. 

From the continuity of K(g,, g.) and the compactness of 
X = T \G it follows that the self-adjoint positive definite operator 
T, has a trace, namely 


[ikea de= fà Soler) Tra) de, 2) 


where Tr K(g, g) is the trace of the matrix K (g, g), Tr y(y) is the 
trace of the matrix y(y), and F is a fundamental domain. 

Now we calculate the trace of T, by another method. For this 
purpose we make a preliminary important assumption on the group 
G itself. 

We assume that for every irreducible unitary representation 
T,(g) of G and every function (g) € S, where S is a linear space of 
functions, everywhere dense in the space of continuous functions on 
G, the operator 


Te = Í ple)T le) dg (4) 


is completely continuous, has the trace Tr (7%); this trace Tr (7%) is 
a continuous function in S. 


If this assumption is satisfied, then we can write 


Tr (T3) =| oleole) de (5) 


where g,(g) is a generalized function on G. It is natural to treat this 
generalized function o,(g) as the trace of the representation operator 
T,(g) itself. It is usually called the character of the given 
representation 7;,(g). 

The condition we have stated holds for all semisimple Lie 
groups. f 


The importance of the concept of the character of a representation is clear 
from the following result: If G is a semisimple Lie group, then every irreducible 
unitary representation of it is uniquely determined by its character. 

In later parts of the book we obtain explicit formulae for the characters of 
the irreducible representations of some groups. 





. t In the case of semisimple Lie groups we can take for S$ the space of all finite 
infinitely differentiable functions on G. 
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Suppose then that G satisfies the assumption we have made. 
Let H,,..., Hp ... be the irreducible inequivalent subspaces into 
which the representation space of T (g) splits, and My,..., No .-- 
the multiplicities with which they occur in this decomposition. 

By hypothesis, T’, has a trace in H,, namely 


{ oe) o,(8) dg, 


v 


where o;(g) is the character of an irreducible representation in H, 
But then the trace of T, on the whole representation space of T (e) 


is o 
È Nef oode) de. 6) 


When we equate the expressions (3) and (6) for the trace of Tp, 
we obtain the required trace formula: Let T be a discrete subgroup 
of G such that X = T \ G is a compact space; let T(g) be the representation 
of G induced by a finite-dimensional unitary representation y(y) of G. Let 
olg) be the characters of the irreducible representations contained in T(g), 
and N, the multiplicities with which they occur in this representation. Then: 


| (3 pleve) Tr u(r) dg = RALO ox(g) dg. (7) 
F G 


In this formula Tr (y) denotes the trace of the matrix (y). 
Note that in the simplest case, when (y) is the unit representa- 
tion, the trace formula takes the following form: 


J (3 ere) de = È Nf olona) ae. (8) 
a yE = v 

Let us discuss some consequences of the trace formula. 

1. Let G be a compact group. Then we derive from the trace 
formula explicit expressions for the multiplicities N,. For we set 


o(g) = o,(g). It is well known that the characters of inequivalent 
representations are orthogonal to each other, that is,+ 

law le) d l, when k =m, 

Opl8)Om = 

JOSS) E T O, when k & m 
Consequently the right-hand side of (7) gives us the multiplicity N, 
with which the representation H, occurs. But the left-hand side is 
equal to 


f (x o,(g-*yg) Tr x0) dg 
=O) Tr ly) fae = 5 E GAG) Tr x0). 


ny 
F r 


t The measure dg is assumed to be normalized by the condition f dg = 1. 
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(The volume of F is obviously equal to 1/n,, where np is of the order 
of T.) 
So we find the following formula for the multiplicity N,: 


N, =—- 5 oy) Tr zly). (9) 


Nr yer 


In the particular case when y(y) is the unitary representation, this 
formula simplifies: 


N; == Sony). (10) 


2. Let G be the group of real matrices of order 2 with determinant 1. For 
the purpose of obtaining a similar device to determine the multiplicity N, with 
which an irreducible representation H, occurs in H, it is sufficient to find a 
function g(g) for which the estimate (1) holds, and in addition 


l, when m = k, 


frente dg = A when mk. (11) 
Ga 


Since the character a,,(g) depends only on the eigenvalues of the matrix g € G, 
such a function og) is not necessarily unique. 

Later we shall sce that G has two types of representation—representations of 
the continuous series and representations of the discrete series. 

It can be shown that for representations of the continuous series functions 
¢(g) satisfying (11) do not exist. 

Yor if p(g) satisfies (11), then in any case 


firo < 0. 
G 


We consider the function 


h(s) = f roa dg, 


G 


where o,(g) is the character of the representation of the principal continuous 
series with index s (s is a purely imaginary number). ‘This character is given by 
the following formula: 
Ml = Al 
o,(g) = LL A?’ 
lås — Ag | 
in case the eigenvalues 2, and 47" of g are real; and 


a(g) = 0, 


in case 2, and A; are complex. 

It can be shown that the function A(s) is analytic in the domain |Re s| < 1. 
For our purposes we need a function g(g) for which h(s) differs from zero only 
near a fixed point sg. Clearly such functions p(g) do not exist. 

Yor the representations of the discrete scries the position is different: for 
them such a function does exist. 

For let T,,(g) be a representation of the discrete series with the index n, 
realized in the space of functions that are analytic in the upper half-plane (sce 
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below § 3.3). Then we may take for the required function (g) 


_ en (Im z)”/2 
Pn(g) = Grit 


> 


Soe + Ea 
$12 + ir” 
obtain a finite expression for the multiplicity N, with which T,,(g) occurs in T (g). 
We shall find this later, in § 5.7, by applying somewhat different methods. 


where z = — , 0 = arg (g1 ~ i£). Substituting g,(g) in (7) we 


5. Another Form of the Trace Formula. Let us transform the 
trace formula into a more convenient form. We shall show that 
the left-hand side of the equation (7) in § 2.4 can be brought to the 
following form: 


S M(E, \C,) Te xy) f oere de (1) 


Gy\G 


where y ranges over exactly one representation from each class of 
conjugate clements in T. Here G, denotes the centralizer of y in G; 
thus, 


= f p(g-*yg) dg 
Gy\G 
is the integral of g over the class of all elements in G that are 
conjugate to y; I’, denotes the centralizer of yin T; w(T,\G,) is 
the measure of the $ space I’, \ G, (it is not difficult to check that this 
measure is finite). 

To prove (1) is a valid formula, we split the elements y into 
conjugacy classes with respect to I’. Clearly the expression Tr x(y) 
is constant on each of these classes. 

Therefore the left-hand side of the trace formula can be written: 


> Tr z(y) f(z p(s a) 


where the inner summation is over a class of conjugate elements and 
the outer one over the set of these classes. Now we transform the 
expression under the inner sum sign. 

We select one of the conjugacy classes. It consists of elements of 
the form 

Y= YTY Yo 

where y is fixed and y; ranges over r. Note that when y, ranges 
over T, each such element y’ is obtained several times. For two 
elements y: and y, determine one and the same element y’ if and 
only if (y:y7 )y(y.y51) = y, that is, if Viz" belongs to the centralizer 
l, of yin T. Hence, to obtain each element y’ of a conjugacy class 
precisely once, the y; must range over only one representative of 
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each coset I, \ T. So we have 
> pye) = È oly YY:8) 
yY yeEPy\P 


where y; ranges over a set of coset representatives of T,\ T; 
consequently, 


f(z oles) dg -|(z pley yya) de 
F F 


-Í p(aye) dg, 
Fy 


where the integral is taken over the set 
F= $ yF. 
yE Ty I 


It is clear that F} is a fundamental set of the subgroup T', in G. So 
we have 


f(z err )ae= | oera ae 
F Ty\G 


Now let G, be the centralizer of y in the whole group G. Then we 
have 


p(g-tvg) dg = f f pg ter" YEE) dg, dE 
rye GAG Ty 


ple yg) de, dg 
GAG Ty\Gy 


MT,\G) f oiera de 
GAG 


Hence, when y’ ranges over the set of conjugates to y in T, we have 


[(E elerv9))de = mir, \G,) f oere) de 


F Gy\G 


Multiplying this equation by Tr y(y) and summing over the set of 
conjugacy classes in I we obtain the required expression (1). 

We state the final result. Let G be a locally compact group and 
T a discrete subgroup for which T \ G is a compact space; let y(y) be a 
unitary representation of T and T(g) the representation of G induced by 
z(y). 
Let o,(g), k = 1,2, .- ., be the characters of the irreducible unitary 
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representations contained in T(g) and N, their multiplicities. Then for every 
finite function (g) on G the following trace formula holds : 


S Nef ooe) de =E Te UEC) f oere de. (2) 


Gy\G 


Here Tr z(y) is the trace of the matrix y(y); G, and T, are the 
centralizers of y in G and T, respectively; the summation is taken 
over the set of conjugacy classes in T. We note that 


platy) dg 
Gy\G 


is nothing but the integral over the class of elements conjugate to 
y in G. 

The trace formula can be presented in yet another form, by 
going over from ¢(g) to its Fourier transform. For let o(g) range 
over the characters of all irreducible unitary representations of G. 
From the function g(g) on G we go over to its Fouricr transform 


hlo) =| o(8)o(8) de. (3) 
Then the left-hand side of the trace formula can be written in the form 


2 Alo), 


where the sum is taken over all the irreducible representations o, 
contained in T(g), and each term is repeated as often as the 
multiplicity of the representation indicates. 

On the other hand, every term on the right-hand side of the 
trace formula can also be expressed by /(o) as a certain integral 


froyo) do. 


The integral is taken over the set of all irreducible unitary represen- 
tations of G. Then the trace formula assumes the following form: 


2 h(o;,) =2 ficos) do, 


where the summation on the right is taken over the set of conjugacy 
classes in F. 

Our problem is to obtain an explicit expression for the function 
y,(o). In §5 this problem will be solved for the group of real 
unimodular matrices of order 2. 
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§3. IRREDUCIBLE UNITARY REPRESENTATIONS 
OF THE GROUP OF REAL UNIMODULAR 
MATRICES OF ORDER 2 


In this section we give a classification of the irreducible unitary 
representations of the group G of real unimodular matrices of order 
2. As a rule, the results are stated without proof. The reader will 
find details on the representations of G in Chapter 2, where we 
study representations of the group of matrices of order 2 with 
clements from an arbitrary locally compact field (see also Gel’fand 
et al. [27], Chapter 7). 


1. The Principal Series of Irreducible Unitary Representations. 
The irreducible unitary representations of G, other than the unit 
representation, split into three series—the principal continuous, the 
supplementary, and the discrete. To begin with we describe 
the simplest class of irreducible unitary representations—the 
representations of the principal series. 

We consider an affine plane X with the origin of coordinates 
deleted (henceforth, when we talk of an affine plane X, we always 
assume that the origin of coordinates is deleted and that the 
appropriate topology is introduced in X). The plane X is a homo- 
geneous space in which G acts as a group of affine transformations. 
En S12 


For the element g -( 
$21 Ezz 


of G carrics an arbitrary point 
x = (xi, x2) into 
xg = (Xg + Xa8or *812 + %2822)- (1) 


We consider the space H of measurable functions f(x), x € X, 
of integrable square: 


SII de =f fleas a) dey dey < o. 
We give the representation operators T'(g) by the following formula: 


T(g) f(x) =F (xg). (2) 


This representation is unitary, because the measure dx = dx, dx, is 
preserved under the transformations x —> xg. 

The representation T(g) is reducible. By decomposing it into 
irreducible representations we obtain the principal series of 


representations. Let us show how this decomposition can be carried 
out. 
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First of all we divide the set of functions f(x) into even and 
odd ones. The even and odd functions obviously form invariant 
subspaces which we denote, respectively, by H+ and H~. 

Consider, for example, the space of even functions f +(x). We 
set 


SE =| SA de (3) 
0 
where s is pure imaginary. The functions fș (x) are homogeneous; 


indeed, 
Jè (tx) = t fi (x). (4) 


We introduce a norm in the space H} of functions f (x) by setting 


I = f do, (5) 
|æjļ=1 


where dọ is the Haar measure on the unit circle |x| = 1. It is easy 
to verify that the representation T (g) in HY given by the formula 


T (afix) =z (8) (6) 


is unitary. This representation is irreducible. Similarly we construct 
representations in the spaces H7 of odd functions. 

The representations in the spaces Ht and H7 form the so- 
called principal continuous series of irreducible unitary representa- 
tions of G. In what follows it is convenient to call the representations 
in the spaces Ht of even functions representations of the first 
principal series, and those in the spaces Họ of odd functions 
representations of the second principal series. 

It can be shown that the representations corresponding to s 
and —s (in the case of even and of odd functions separately) are 
equivalent and that otherwise the representations are inequivalent, 
thus, each irreducible representation occurs here twice. This point 
is very important for us later. 

The representation in H splits into these representations of the 
principal series. For from the Parseval formula for the Mellin 
transform it is immediately clear that 


+o + 


rue = [use atiy + S IFFI ats. (7) 


o B 
There is another realization of the representations of the 
principal continuous series. 
We obtain it by taking instead of the homogeneous functions 
of two variables f(x,, x2) functions of a single variable (x), 
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connected with the f by the following relation: 


p(x) = f(x, 1). (8) 
(Obviously the homogeneous function f,(xı, xa) is uniquely deter- 
mined by (x).) Then we obtain the following realization of the 
representations of the principal continuous series. 

The representations of the first principal series H t are realized 
in the space of functions g(x) on the real line with the scalar product 


+% 


(o 92) = | o) Pa a (9) 

The representation operators are given by the following formula: 
L 

T(g)9(x) = (Sut = ex), «+ al, 10 

(g) p(x) p Siok + Soo S12 Seal (10) 


where s is imaginary. 

The representations of the second principal series H ; are also 
realized in the space of functions on the real line with the scalar 
product (9). But the representation operators are given by the 
following formula: 


x + . 
T(g) p(x) = p(z + gn) [812% + 2217} sign (81% + See)» (11) 


Eit + Soo 


2. The Supplementary Series of Representations. Let s 0 
be a real number in the interval —1.< s <1. By Ht we denote 
the space of even functions f7(x), satisfying the condition of homo- 
geneity (4). The scalar product in H is given by the following 
formula: 


(of) = [| RO CITE de do", (1 
|Jz'|=1 _|z"]=1 
where 
K(x, x") = baie — ag (2) 


(Where s < 0, the integral must be understood in the sense of the 
regularizing value [27].) 

We define the representation operator T(g), as before, by the 
formula (6) of § 3.1. It can be shown that the representations T (g) 
are unitary and irreducible; they are equivalent only for s and —s. 
These representations are said to belong to the supplementary series. 

We now indicate another realization of the representations of 
the supplementary series. It is obtained when instead of the homo- 
gencous functions of two variables f(x,, xs) we consider functions 
of a single variable p(x) = f(x, 1). 
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A representation of the supplementary scries H+, where s 4 0 
is a real number in the interval —1 < s < 1, is realized in the space 
of functions on the real line with the scalar product 


+% +0 


(Pr 2) = Í Í [xy — xat plx) Pa (2) dx, dx». (3) 


-%0 —90 


The representation operators are given by the formula 


T(g) o(x) = o( Ent + gn) git + eel}. (4) 


812% + Soe 


3. The Discrete Series of Representations. This serics consists 
of two parts. One half is realized in the space of functions of a 
complex variable z that are analytic in the upper half-plane 
Im z > 0. The representation operators are given by the following 
formula: 


+ S21 
Tlg) 9(2) = (Suz + sn) Z + ga), i 
(pz) = g Zi2Z + Loe (S12 822) (1) 
where n is a nonnegative integer which determines the representa- 
tion. The scalar product is defined as follows: 


(Py p) = Í p(z) p(y"! de dy, when n>0, (2) 


Tmz>0 


+a 


(my p) = | oils) pale) dx, when n= 0, (3) 


-%0 


where g(x) and g(x) are the boundary values of the analytic 
functions ¢,(z) and ,(z) on the real axis. 

The other half of the discrete series is realized in the space 
of functions that are analytic in the lower half-plane. The represen- 
tation operators are given by the same formula (1) as in the case of 
the first half of the discrete series. The scalar product is defined by a 
formula analogous to (2). No two representations of the discrete 
series are equivalent. 


4. Another Realization of the Representations of the Principal 
and the Supplementary Series. Here we discuss two classes of 
representations: representations of the first principal series realized 
in the space H+ of even functions, and representations of the 
supplementary series. 

These representations have the following important property. 
The representation space contains a vector f(x) invariant under the 
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operators T (u), where u ranges over the orthogonal matrices: 


cost sint 
u = . . 
—sın É cost 


Indeed, such a vector is 
s—1 


So(*) = (xt + x) (1) 
Let us show that there are no other vectors invariant under the operators 
T (u). 
Let f be a vector for which 


TWS =f, 


f(x cos £ — xg sin b, x, sin £ + x, cost) = f (%1, x2) 


that is 


for every £. From this equation it follows immediately that f is a function of 

x? + xB only: f =f (x? + x3). But since furthermore f is homogeneous of degree 
s=t 

s — 1, it is clear that f = C(x? + x3) 2. 

Using this property of the representations we now construct 
another realization in the space of functions on U \ G, where U is 
the subgroup of orthogonal matrices. 

With every function f(x) in the representation space H f we 
associate the function g(g) on G defined by the following formula: 


plg) = (T(g)% fo). (2) 
Here fy is a vector in H t invariant under the operators T(u), and 
the expression on the right denotes the scalar product in H $. 


We show that the map 
f(x) > (8) 
is one to one. 


For the kernel of this map is obviously an invariant subspace of 
H+, Since H+ is irreducible, this kernel either coincides with H > 
or is the null space. But it cannot coincide with H +, because the 
image of the function f(x) is different from zero. Therefore the 
kernel of the map f — ọ is the null space. 


From the functions f (x) we go over to the functions 


p(s) = (Teh Jo) 


and in this way we interpret the representation in the space of the 
functions (g). Let us show that in the space of functions g(g) the 
representation operator T (g) is given by the following formula: 

T (80) plg) = 9(880)- (3) 


For if we apply to f the operator T (go), then the corresponding 
function ø(g) = (T(g)f fo) goes over into 


Pilg) = (T(g)T (eA So) = (T (eee) S: So) = PE). 
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As a result we obtain a new realization of the representation 
T (g), which is constructed in a certain space of functions g(g) on G. 
The representation operator T (g) is given by (3). 

We denote the space of functions g(g) so obtained, as before, 
by H+. 

Let us study the main properties of the functions y(g) in the 
space Ht: _ 

1. The functions (g) are bounded. For from the equation 
pla) = (T(g)f fo) it follows that |p(g)|? < ITW I fol. But 
T (g) is a unitary operator, therefore || 7(g)f || = If ||. So we have 
lo(g)l? < If Ifl, that is, gg) is a bounded function. 

2. The functions g(g) are infinitely differentiable in g. To 
prove this we write down an explicit expression of (g) in terms of 
the function f(x,, x2). By definition 


p(s) = (fA Teh): 


Using the formula for the scalar product in H+ (see § 3.1 and § 3.2) 
and the formula for the operator T (g) we may write this expression 
in the following explicit forms: 
For a representation of the principal series 
s—1 


pig) = Í S (Xv X2)[(%1822 — 2801)” + (— xg + e811)" ] > dọ. 
afta (4) 


For a representation of the supplementary series 


gle) = Í S (%1y %2) |%1 Ve — Xo Pil? [( M1822 — J282)? 


ritek=1 


yal 1 


+ (ge +.28u)"1* dpi dps (5) 

The fact that g(g) is an infinitely differentiable function of 
the variables g,; follows immediately from these formulae. Observe 
that if L, is an arbitrary linear differential operator on G, then the 
formula for differentiation under the integral sign holds: 


L,v(g) = (J, LT (8?) fo- 
The detailed verification of these facts is left to the reader. 
3. The functions g(g) are constant on the right cosets in G of 
the subgroup U of orthogonal matrices, that is, 


plug) = p(2) 
for every orthogonal matrix 


cost sint 
u = . . 
—sin ¢ cost 


§3. IRREDUCIBLE UNITARY REPRESENTATIONS 39 


For we have 
plug) = (Tig) ff) = (THe) T ff) = (Teh TU So). 


But the vector fọ is invariant under T(u), that is, T(u)fy = fo- 


Consequently glug) = (TAF fo) = pa). 


By what we have proved, the functions ọ(g) may be regarded 
as given in the space of cosets U \ G. Let us show that the homo- 
geneous space U \ G is isomorphic to the half-plane Im z > 0 of the 
plane of the complex variable z on which G acts as a group of linear 
fractional transformations. 

On the half-plane Im z >0 we fix the point Z =i and 
associate with every point z the set of all elements g of G that carry i 
into this point z, that is, 

ur + Ser 
tZi2 + Soe 
This defines a map of G onto the upper half-plane. The set of 
elements g that are carried under this map into 2, that is, for which 


Bi + ga 

1812 + See 
obviously forms the subgroup U of orthogonal matrices. Hence it is 
clear that under this map the inverse images of the points z are 
the cosets Ug. As a result we obtain a one-to-one correspondence 
between the cosets Ug and the points z of the half-plane Im z > 0. 
Clearly under the transformation g — gg, the corresponding point z 
is subjected to the fractional-linear transformation with the matrix 
g&o: 


= Z. 


1 _ 7811 + 8a 

Z812 + 822 
So the functions » can be regarded as functions on the upper 
half-plane Im z > 0, and we write p(z) instead of 9(g). 

Let us find the expression of a function p(z) in terms of the 
original functions f(x,, x2). Let z = x + iy be a point of the upper 
half-plane, and Ug the coset that is the inverse image of z; we recall 
that this set consists of the matrices that carry 7 into z. It is easily 
checked that we can take as representative of this class the following 


matrix: 
b 0 
= (? } (6) 
xy? yt 


So the functions g(z) are expressed in terms of the original functions 
J (Xis X2) by the following formula: 


p(Z) = (T (2f fo): 


where g, is a matrix of the form (6). 


Z>Zz 
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We state the final result. 

The space H+ of an irreducible representation of the first 
principal or the supplementary series may be realized as a space of 
infinitely differentiable bounded functions y(z) on the upper half 
plane Im z > 0. In this realization the representation operator 
T (g) is defined by the following formula: 


_ Zu + £n) 
Topla = (g 

Observe that we have not obtained a complete classification of 
the functions p(z) of which the space H} consists. Furthermore, 
we have not found an explicit formula for the scalar product in the 
space of functions ¢(z). 

In the next subsection we obtain additional information on the 
space H+. 


5. The Laplace Operator A. The Space ©,. We examine the 
space of all infinitely differentiable functions ¢(z) on the upper half- 
plane Im z > 0. We define representation operators T(g) of the 
group G by the following formula: 


Topa = o( 22 =), (1) 


We show that on the half-plane Im z > 0 there exists a differential 
operator of the second order A that is permutable with all the 
operators T (g): 


AT(g) = T(g)A (2) 
or in more detail, 
2811 F 821 2811 + S21 ' 
[oS re) - aoee) e 
E 2812 + 822 (A9) 2812 + 822 @) 
For let us consider the operator 
02 ( g2 aa) 
= — z)?—— = —y*(— + ad 
A = (2 — 2° gza Nae t He (3) 
_ 78 + $21 


We show that it satisfies the relation (2). We set z’. 


2812 + 822 
Then we have: 2 (z )2 a2 (2812 + ye 2 
. oz’ = 812 + S22 Oz 3 oz’ = 12 S22 oz > 
z! — 2 = |zgy2 + Bool? (z — Z) Hence we immediately obtain 
d? a? 
rose 7 — 3) —. 
(2 = araz T OT P azaz 


Obviously, this equation is equivalent to (2). 
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2 2 
So we have shown that the operator A = s = a > ) 
commutes with the operators T(g). We call this A the Laplace 


operator on the half-plane Im z > 0. 


It is not difficult to verify that every other differential operator of the second 
order that commutes with the operators T (g) is of the form 


aA -+ B, 
where a, 8 are constants. For suppose that the operator 
2 2 a2 


0 a a a 
A, = a(z) za + (2) 553 + ag(Z) > p= T aa(Z) gz tel gz T al) 


satisfies the commutativity condition (2). When the matrix g has the form 
0 
g= ( i} this condition yields: a,(z -|. y) ~ a(z), where y is any real 
7 
number, i = 1, ..., 6. Consequently the coefficients a,(z) depend only on 
Im z =y. So we have 
a(z) = 4,(y). 


2 0 
Next we apply condition (2) to the casc when g = o yal We find that 
a;(A®y) = Ata;(y) fori = 1, 2, 3; a,(A2y) = A?a,(y) fori = 4, 5; ag( Ay) = ag(y). 
Consequently a;(y) = «;y® for i = 1, 2, 3; a,(9) = ay for i = 4, 5; ag(y) = a% 
where the «, are constant. 0 
Finally, by applying condition (2) to the case when g = ( 


1 
) we easily 
check that æ; — ag = % = % =.0. 0 


-l 

In the preceding subsection we obtained a realization of the 
representations of the principal and supplementary series of G in 
certain subspaces H+ of infinitely differentiable functions ¢(z), 
Im z > 0. Let us clarify what form the Laplace operator A assumes 
in each of these subspaces. 

We shall show that on H; the Laplace operator A is a multiple 
of the unit operator, namely: 


1 — s? 
4 





A= E, (4) 
where E is the unit operator. 


For the proof we make use of the integral representation of the 
functions g(z): 


glz) = (TEJ) = Gh Tse’ Uo) 


s—1 


where fo(x) = (x3 + x2) ? , and the scalar product (., .) is defined, 
asin § 3.1 and § 3.2 by the following formulae: 


(nf) = | ARB de 


[vt] =1 
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for the representations of the principal series; 
(fof) = | f bees = xxl ie") do" do” 


|z’]=1 |2"|=1 


for the representations of the supplementary scries. Differentiating 
under the integral sign we find that 


Aglz) = (J, AY fo). 
Hence it is sufficient to verify that 


s2 


ATUAR = =Ë TERO). 65) 


The validity of the relation (5) comes out by a direct check. We have 


a {2> 0 
£z = _i 1 ]* 
— xy 2 J? 
s1 s 
TeS = Teri t a e = D — a)? Hyl 


We rewrite this expression in the variables z = x + iy and Z: 





Consequently, 


T(G fa — [z (xaz — x1) (%2 — m): i 
z—ž 
g2 
When we now apply the Laplace operator A = (z — Z)? 3202 to this 
expression, we obtain 27 02 
3—1 
z—zž B 





1 — s? | (xaz — x) (x:ž — a? 
23: —___——_—_——- | .. 
4 z—zž 
This proves (5). 
We now give a final statement of the results obtained. Let 
T (g) be a representation of the fundamental or the supplementary 
series, fy a vector in the representation space H} and invariant under 
the operators T(u), where u ranges over the set of orthogonal 
matrices. With every vector f from the representation space we 
associate the function g(g) defined by the formula 


ele) = (TDS Jo). 


In § 3.3 we have shown that the correspondence f — ¢ is one to one 
and that the functions (g) are bounded and infinitely differentiable. 
Next we have established that the functions ọ are constant on the 
cosets of the subgroup U of orthogonal matrices, so that they can be 
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treated as functions in the coset space U\G. Since U\G is iso- 
morphic to the upper half-plane Im z > 0 of the plane of the 
complex variable z, y may also be regarded as a function ¢(z) given 
on the upper half-plane. The original representation T(g) can be 
assumed to be given in the space of these functions g(z). Then the 
representation operators T (g) are given by the following formula: 


T(g) 9(z) = (Za tee), (6) 


In this subsection we have shown that the functions g(z) are 











cigenfunctions of the operator A = (z — Z)? PETE corresponding 
1 — s2 
to the eigenvalue 7 Z. 
1 — s? 
A(z) =—4— 9(2)- (7) 


Note that the converse statement does not hold:+ not every 
solution of (7) belongs to the space Hy. 

Occasionally it is convenient not to use the Hilbert space Hy, 
in which the representations were constructed in the first instance, 
but an extension of it—the space Q, of all solutions of the equation 
(7). We can endow this space Q, with a natural topology in which 
it becomes a complete topological space. Obviously, the represen- 
tation T(g) extends from H} to the whole space Q,; the 
representation operators are given on Q, by the same formula (6). 

We call this space Q, the complete space connected with the given 
irreducible representation T(g). It plays a fundamental role in the 
duality theorem (§ 4). 

Without proof we state some properties of Q,: 

l. H+ is an everywhere dense subset of Q,. 

2. Q, is irreducible in all reasonable interpretations of this 
term [27]. In particular, Q, does not contain a closed invariant 
subspace; there is no bounded operator in Q, other than the unit 
operator, that commutes with all the operators T(g). 
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In § 2 we raised the following problem: for a given represen- 
tation T(g) of the group G and induced by a discrete subgroup T, 


t For example, the equation (7) has unbounded solutions. However, all the 
functions p(z) € H+ are bounded. 


44 HOMOGENEOUS SPACES WITH A DISCRETE STABILITY GROUP 


it is required to find the spectrum of T(g), in other words, to 
decompose this representation into irreducible ones. 

In this section we establish a connection between this problem 
and the classical problems of the theory of automorphic forms. We 
show that the multiplicity with which a given irreducible represen- 
tation occurs in T(g) is equal to the dimension of the space of 
automorphic forms associated with this irreducible representation. 
The concept of an automorphic form will be explained later. 

The arguments to be used here are very easy to understand when 
G is a compact group and T any subgroup of it, not necessarily discrete. 

Let z(y) be an irreducible representation of T and T(g) the 
representation of G induced by it. We want to find the multiplicity 
with which a given irreducible representation T,(g) is contained in 
T(g). For this purpose we consider the operators 7,(y), where y 
ranges over I. They form a representation of T, which is, in 
general, reducible. Now it turns out that the following theorem 
holds. 

Duauity THeorem. The multiplicity with which an irreducible 
representation T,,(g) is contained in R(g) is equal to the multiplicity with 
which the irreducible representation y(y) of T is contained in T,(y). 

We mention the special case of this theorem when z(y) is the 
unit representation of F. In this case T'(g) is the representation in 
the space of functions f(x) on X = T \ G, defined by the formula 


T(g) f(x) =f (xg). 


The duality theorem can then be stated as follows. The multiplicity 
with which the irreducible representation T,,(g) is contained in T (g) is equal 
to the number of linearly independent vectors € in the representation space 
T,,(g) that are invariant under T, that is, for which 

T,(y)& = & 
for every yer. 

Our task is to extend this result to noncompact groups. Note 
that the duality theorem does not directly go over to noncompact 
groups G. The main reason for this is the fact that, since irreducible 
unitary representations of such groups G arc, in general, infinite- 
dimensional, invariant vectors under I need not lie in the Hilbert 
space of the representation. 

Nevertheless, an analogue to the duality theorem can be 
obtained for every semisimple Lie group G and a discrete subgroup 
of it for which the space X = T \G is compact. For this purpose 
we have to extend the sct of functions on which the operators of the 
irreducible representation T,(g) act. In other words, the irreducible 
representation 7',(g) must be given not in the Hilbert space, but in 
a certain extension ©, of it. For a number of Lic groups this space 
Q, can be described effectively. 
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We begin with a detailed account of the duality theorem for 
the case of the group of real matrices of order 2. For simplicity we 
discuss here not all the representations induced by subgroups I’, 
but only the simplest of them—the representation generated by the 
homogeneous space X = F \ G. 

The general results concerning an arbitrary semisimple Lie 
group l are given at the end of the section. 


1. Automorphic Forms. In this subsection we derive the 
duality theorem for the group G of real unimodular matrices of 
order 2. To state the theorem we need the concept of an 
automorphic form. 

Let T(g) be a unitary irreducible representation of a group G 
and let T be a discrete subgroup of G. Automorphic forms (relative 
to T) ought to be defined as vectors $ that are invariant in the 
representation space under the operators T(y), y eL: 


T(y)é = £. 


However, when the representation is infinite-dimensional, this 
definition is not entirely satisfactory; it is natural to ask that the 
vectors £ should not necessarily lie in the representation space, but 
in a certain extension of it. 

So we introduce a precise concept of an automorphic form 
corresponding to the given irreducible representation of G. We 
recall that G has three series of irreducible representations—the 
principal continuous, the supplementary and the discrete series. 

We begin with representations of the discrete series. According 
to § 3, the representations of the discrete series are given by a natural 
number z. Half of them are realized in the space H, of all functions 
g(z), z = x -+ iy, that are analytic in the upper half-plane and for 
which 


p(z)? y” 1 dx dy < œ. 


Im z>0 


The other half of the representations of the discrete series are 
realized in the space of functions that are analytic in the lower 


half-plane. The representation T,(g) is given by the following 
formula: 


T, z = (ez 7 £a) z+ -n-1, i 
8) 9(2) = PVT gag) E27 + En) (1) 
For the sake of precision we shall now discuss only the first half of the 
representations of the discrete scries. 

Instead of the space H, we consider the space Q, of all func- 
tions that are analytic in the upper half-plane and endow Q, with 
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the natural topology. So we obtain a complete space in which the 
representation of G defined by (1) also acts. It can be shown that 
this representation is (topologically) irreducible. 

An automorphic form for the representation T,(g) of the 
discrete series is defined as a function g(z) that is analytic in the 
upper half-plane and invariant under the operators T,(y), that is, 
for which 


Yuz + v1) _n~ 
———_— z+ n-1 = G(z 2 
(Mae ira) nyse + pa) = 92) (3) 


for every y e Il. (This function need not lie in the Hilbert space 
H,,.) 

Automorphic forms for the second half of the discrete series are 
defined similarly. 

Now we pass on to the representations of the principal and 
supplementary series. When we speak here of representations of the 
principal series, we have in mind only the representations T’,(g) 
that are realized in the spaces of even functions on the affine plane 
(that is, those representations for which T,(—g) = T,(g)). 

From § 3.4 we know that a representation T,(g) of the principal 
or supplementary series may be realized in a certain subspace of the 
functions g(z) defined on the upper half-plane Im z > 0 and 
satisfying the equation 





0? 02 ) 1 — s? 
= —y2 | — — = 
(We recall that the Laplace operator A commutes with -the 
fractional-linear transformations of the half-plane.) 

The representation operator of T,(g) is defined by the following 
formula: 


tgn 
T, 2) = (ezten), 4 
(2) (2) = o Vaz E gn (4) 
Note that equivalent representations correspond to the numbers s 


and —s; thus, the representation T,(g) is uniquely determined by 
1 — s?2 
the eigenvalue S 





of the Laplace operator A. 


Now we introduce the space Q, of all functions (z) defined in 
the upper half-plane and satisfying equation (3).t The operator 
T (g) defined by (4) gives the representation of G in this space Q,. 
An automorphic form for the representation T,(g) of the principal 
or supplementary series is defined as a function p(z) € Q, that is 
invariant under the operators 7,(y), ye T, that is, for which 


+ Since (3) is an elliptic equation, these functions are infinitely differentiable. 


§4. THE DUALITY THEOREM 47 


T,(y) e(z) = 9(z). A fractional automorphic form corresponding 
to the representation T,(g) is a function g(z) defined in the upper 
half-plane and satisfying the following condition: 


a? az ) I — s? (2z -} ra) 
= —y2 | — 1. — = —— L Ey H 
Ap = -9 p T ay? p 4 P P Yaz + Yaz p(z) 


for every ye rF. 


2. Statement of the Duality Theorem. Let I be a discrete 
subgroup of the group G of real unimodular matrices of order 2 for 
which X = T \ G is a compact space. 

We consider the representation of G generated by X. We recall 
that it is constructed in the space of functions f(x), x € X, for which 


{Lec ae < 0, 


where dx is the invariant measure on X. The representation operator 
T (g) is given by the following formula: 


T(g)f(*) =f (ag). 


The representation T(g) splits into representations of the 
principal continuous, the supplementary, and the discrete series. 
For simplicity we assume that I contains the matrix 


—1 0 
Lo =( 0 i} Then the decomposition of T(g) does not 


contain representations Hy of the principal continuous series 
realized in the spaces of homogeneous odd functions on the affine 
plane. 

For under our assumptions J (gg) is the unit operator: 
T (go) f(x) =f(x), whereas for the representations H7 we have 

T (go) f = —f. For the same reason the decomposition of T (g) does 
not contain representations of the discrete series with an even index n. 

Since X is a compact space, T (g) splits (see § 2) into the sum 
of a countable number of irreducible representations, and each 
representation occurs in the decomposition with finite multiplicity. 
We want to know what irreducible representations actually occur 
in this decomposition and with what multiplicity. The answer is 
given by the following theorem. 

Duauity TuHEorem. Each of the irreducible representations of G 
occurs in T (g) with finite multiplicity, equal to the dimension of the space of 
the corresponding automorphic forms. 

In other words, if T,(g) is a representation of the fundamental 
or the supplementary series, then the multiplicity with which T,(g) 
occurs in T(g) is equal to the number of linearly independent 
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functions p(z) defined on the half-plane Im z > 0 and satisfying the 
condition 


az? 
=: — y? f — — 
Ag(z) = —9 (5 + >) ? 


I — s? (27 + ra) 
= > — i) == Zz 
4 ? ? Yi2z + Yez v( ) 


for every y e l. But if T,,(g) is a representation of the discrete series 
(acting, for example, in the space of functions analytic in the upper 
half-plane), then the multiplicity with which T,,(g) occurs in T (g) is 
equal to the number of functions g(z) that are analytic in the upper 
half-plane and satisfy the condition 





(222 + Ya 
Yiz + Yoo 


for every y e I. The proof of the duality theorem will be given in 
the next subsection. 


) (Y12Z -+ Yz) 7"! = ¢(z) 


3. The Laplace Operator. An important role in the proof of 
the duality theorem is played by the Laplace operator A. Let T(g) 
be any unitary representation of G. We consider the following 
one-parameter subgroups of G: 


cos sinż cosh¢ sinht 
&(t) = , » get) =], > 
—siné cost sinh cosh £ 


(1) 
) = e p 
g3(t) = o et} 


To these subgroups there correspond one-parameter groups of 
unitary operators in the representation space H of T(g): 


T(t) = T(g)), & = 1, 2,3. (2) 


By the well-known Stone theorem, every one-parameter group 
T,({é) of unitary operators is of the form: 


T,(t) = ett Ox, (3) 


where U, is a self-adjoint operator in H. 
We define the operator A by the following formula: 


A = — M(U} — U} — UY (4) 


and call A the Laplace operator in H. 
Observe that the operators U, and A are defined not on the 
whole space H. However, they are defined on a certain everywhere 
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dense linear manifold in H. For let us call a vector f e H infinitely 
differentiable if T(g) f is an infinitely differentiable vector function 
of g. The set of infinitely differentiable vectors in H is called the 
Géarding space. It can be shown that the Garding space is everywhere 
dense in H and that 7U,, iU,, iU; and A are symmetric operators in 
the Garding space (see, for example, Nelson [48]). 

Let us compute the operator A on each irreducible invariant 
subspace of H. 

We show that on the Gårding space of each irreducible space H 
the operator A is a multiple of the unit operator E.t Specifically, in 
the space of a representation T,(g) of the principal or supplementary 

1— 





s . . . 
E; in the space of a representation of the discrete 


1 — nr? 
4 E. 


First we examine a representation T't(g) of the principal or 
supplementary series. From § 3.3 and § 3.4 we know that this 
representation can be realized in a certain space of infinitely 
differentiable functions p(z) defined on the half-plane Im z > 0 and 
satisfying the equation 


series A = 


series of index n, A = 











ap 1 — s? 
— 27/2 => 
(2 — 2) dz ðZ 4 ” (5) 
Here the representation operator of Tł(g) has the form: 
gZ + a) 
Tt z) = =). 6 
(2) p(2) dP F ens (6) 


When we substitute in (6) for g the matrix g,(t) and differentiate 
these expressions with respect to t, we obtain the following formulae 
for the operators U,, Us, Us: 


. ð a 
Uy=-Ita-+ 45 








dz’ 
. a ð 
— — z723 — — z3) — 

iU, (1 z?) az + 2’) => 

. ð _ 9 

iU, = 22 z7 + 225z 
From this we find immediately that 

n Ë 
A = -M(U} — U} — U} = (z - Ata. 
1—s? 

Consequently, by (5) we have A = 7 E. 





t More accurately, A = 2E on the Gårding subspace. 
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Similar arguments hold for the representations T7(g) of the 
second fundamental series. 

Now we consider a representation of the discrete series T,,(g) 
contained in T(g). This representation is realized in the space of 
functions ¢{z) that are analytic either in the upper half-plane or in 
the lower half-plane. For the sake of precision, we shall now consider 
the first case. 

The representation operator of T,,(g) takes the following form: 


+ S21 
T, z) = (=) Zt ga)", 7 
(g) p(z) p BZ + Boe (S12 E22) (7) 
Substituting in (7) for g the matrices g,(t) and differentiating with 
respect to t we obtain the following formulae for the operators Uj, 
U,, Us: 


-a+42)2-@4dz, 


iU, 3z 


I 


iU, = (1 — 2) 2 — (n+ 1)z, 


. 3 
1U, = 225 +(n+1). 


From this we find immediately that 
1 ~n? 


z E 





A = —M4(U} — U} — U2) = 


4. Proof of the Duality Theorem for Representations of the 
Continuous Series. Let T,(g) be a representation of a principal or 
supplementary series. We have to show that the multiplicity with 
which this representation occurs in the representation T(g) 
generated by the space X = T \ G is equal to the largest number of 
corresponding linearly independent automorphic forms, that is, to 
the largest number of linearly independent functions p(z) defined 
on the half-plane Im z > 0 and satisfying the following condition: 


(7 4 02 _ 1 — s? 
2 Nga Bl? ~ a P 
YuZ + Yor — 
o(s + za) (2) 


for every yer. 

First we show that the multiplicity with which a representation 
T,(g) of the fundamental or supplementary series is contained in 
T (g) is equal to the largest number of linearly independent functions 


§4. THE DUALITY THEOREM 51 


on X = T \ G that satisfy the following condition: 


l — $? 


== Eh TESS (1) 


Here A is the Laplace operator constructed in § 4.3, and 


cosi sinź 
g(t) = > 


so that g,(#) is an orthogonal matrix. 

For let H be the space on which T(g) acts, and H} its irreducible 
subspace on which the representation equivalent to T',(g) acts. We 
know that H+ contains one and, to within a constant factor, only 
one vector f for which T(g,(t)) f =f (see § 3.4.); on this vector the 

2 


1— 
operator A is defined, and Af = 3 z Í. 





—sint cost 





On the other hand, suppose that the vector f e H satisfies the 
rclations (1). Splitting H into a direct sum of irreducible subspaces 
relative to T(g), we have f = È fe where} fe c Hi. Then the 
vectors f, also satisfy the relation T(g,(g))f. =fr the operator A 

— s$ 


is defined on them and Af, = l y Since (Af, fà = (J AA); 


1-—s 1-—s? 


4 4 





we have 








. Our assertion follows immediately from 


this. 

Now let us find the largest number of linearly independent 
functions f satisfying (1). For this purpose we introduce a convenient 
parametrization of G and extend the functions from X to the group G. 


Let g = (i £») . As defining parameters for the matrix g 


En, ga _ 8&2 + iga 


we take the complex number z = 2- and the real number 
Siz + 8n 


0 -= arg (gız — igu). 
_ 811822 — §12821 


We note that Im z = 242" __ s11 — |gia + igul, so that 
Imz >0. l£i + 2811? S12 T ten 


It is easy to verify that the parameters z and 0 transform 
according to the following formulae: 


1. If g= (z 0), a = (‘= 


Ge, dee 


aiz 


) then a-1g = (2, 6,), where 


_ 42 + đa 


1 eb dew? 6, = 0 — arg (doz + ago). 





t The components of f in the irreducible subspaces in which the representations of 
the discrete series act are equal to zero, because in these subspaces there are no vectors 
invariant under T'(g,(¢)). 
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cosy sin @ 


2. It = ( ), then gu = (2,9 + a) 


—sin ¢ cos @ 

The functions on X = T \ G can be regarded as functions f(g) 
on the whole group G that satisfy the condition f(y~4g) = f(g) for 
all yeT; in other words, as functions f(z, 6) which satisfy the 
functional equation 


r (227 + Yz 0 


YieZ T Yee 


— arg (yiz + yx) = f(z, 9) 





for all y = (e 7») in T. Thus, the conditions (1) may be 
Yai Yee 
written in the following form: 
S(z,9 + p) =f(z 9); (2) 
1—s 

f= Ss (3) 

YuZ + Ya : ) 
i= , 6 —ar z = f(z, 6). 4 
(ES o — arg (yuz + yd) S29) A 


From (2) it follows that f does not depend on 4, that is, fis a function 
of the complex variable z only, Im z > 0. 

Next, by a simple calculation we find that the operator A 
assumes in the coordinates x, y, 0 (z = x + iy) the following form:t 


a a) a 
-— — y? — - — |l- — 
â = eE D) + Tx a0 


} We indicate the computation of A. The operator of the representation T'(a) is 


given by the formula T (a) f(a) = f (ga), a = (jn an), or in the parameters z and @ 
21 22 


T (a) f(z, 6) =f (z, 6,), (5) 
where 


a= 7 7 
! Erlaa + iāg) + 81 (0i + ian)? 


O, ~: arg (812(@e2 — #421) +4 Z(t — t411))- 


When we substitute in (5) for a the matrices g,(t), k = 1, 2, 3 (see p. 48) and differentiate 
with respect to t, we obtain the following formulae for the operators U,, Uz, Us: 
it, = Èi = 29f 202 + sin 26-4) 29 2 
iU, = gg? Us = 2y\cos 20 z; + sin D — cos 20 55> 
. . ə ð . ə 
iU, = 2y(—sin 20 Er + cos 20 3) -+ sin 20 36° 
Hence we find that 


2 2 02 0? ez 
A = (U? U U3 = AS L D -FY ax 00° 
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Consequently, since the functions f do not depend on 0, condition (3) 
takes the form 
a? 2) 1 — s? 
—y{— +—)f= A 
2 (= t ay? f 4 J 

So we have established that the largest number of linearly indepen- 
dent solutions of (1) is equal to the largest number of linearly 
independent solutions of the equations 


(+ Sf = se, 


Yuz T rn) — 
f = + Yee Si) 


that is, to the largest number linearly independent of automorphic 
forms of the corresponding irreducible representation. This proves 
the duality theorem for representations of the principal or 
supplementary series. 








5. Proof of the Duality Theorem for Representations of the 
Discrete Series. Let 7,,(g) be a representation of the discrete series 
and let T,,(g) be contained in T (g). For the sake of definiteness we 
assume that it is realized in the space of functions ¢(z) analytic in 
the upper half-plane. The representation operator of T,,(g) has the 
following form: 


Ta z = (ezten) Z-t —n-l, l 
(g) (2) TaZ + Boa (S122 -F Zee) (1) 


We have to show that the multiplicity with which this represen- 
tation occurs in T (g) is equal to the largest number of corresponding 
linearly independent automorphic forms, that is, to the largest 
number of linearly independent functions y(z) that are analytic in 
the half-plane Im z > 0 and satisfy the condition 


Yuz + ra) —n— 
— z + 7-1 — 9fz 
(2 T- Yaz (Y12 Y22) g(z) 


for every ye T. 

To begin with we show that the multiplicity with which a 
representation T,,(g) of the discrete series is contained in T(g) is 
equal to the largest number of linearly independent functions on 
X = T \ G that satisfy the following conditions: 

2 
=Ë TEAS g, (2) 


Here A is the Laplace operator constructed in § 4.3 and 


cos? sint¢ 
&ilt) = ( ). 





—sin¢t cost 


For the proof we remark that on the one hand, every irreducible 
subspace H,„ in which T,,(g) acts has one and, to within a constant 
factor, only one vector f for which 


T leit) f = errs (3) 
For in the model (1) of T,(g) the condition (3) can be written 
in the following form: 


(2 cost — sin? 


- i int ùr- — —iln+1)t . 
PZ sint + cos (2 sin ¢ + cos #) E (2) (4) 


It is not hard to check that (4) is satisfied by the function 
p(z) = (z + i)" 
and that this is the only solution of (4) in the space of functions 
analytic in the upper half-plane. 


We call this vector f a vector of dominant weight in H,. On this 
vector the operator A is defined, and 
1 — n? 


Af = — "fs. 


On the other hand, we can show that every vector fe H 
satisfying (2) is a linear combination of vectors of dominant weight 
from irreducible subspaces of H equivalent to H,. For when we 
split H into a direct sum of irreducible subspaces relative to T (g), 
we have f = È fẹ where fẹ e H,,. Then the vectors f, also satisfy the 
relation T(g,(t))f, = et! fp, the operator A is defined on them 


and Af, = ~ 7 StF Since (f, Afi) = (Affe) we have 








1—~si l-r? 
4 4 ? 
consequently the fẹ, are vectors of dominant weight in subspaces 
equivalent to H,.+ Hence our assertion follows immediately. 

Now let us find the largest number of linearly independent 
functions f satisfying (2). Repeating the arguments on p. 51, 
instead of the relations (2), (3), and (4) on p. 52 we obtain the 
following relations for f(z, 0): 








f(z, 0 + p) = f(z, Be“ r+, (5) 
0? 02 ð? 1 — n? 

Af= l(a + =) tI gy lf y% ©) 

(Eta, o — arg (ruz + yaj =S D 


+ This statement must be made more accurate, because there are two representations 
of the discrete series with one and the same index n: a representation in the space of 
functions analytic in the upper half-plane, and one in the space of functions analytic in 
the lower half-plane. However, it is easy to check that a vector satisfying (3) exists in only 
the first of these spaces. 


Ad 
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Let us find all such functions. First of all, from (5) it follows that 


F(Z, 8) = eD? F(z). 
We represent a solution of the equations (6) and (7) in the form 
mel 
F(z, 0) = "+o? y è F(z). (8) 
Substituting this expression in (6) and (7) we obtain the following 
relations for the functions F (z): 


GR) eGo- o 


a 
F (22E Yen) L Fie) ye + ye) (10) 
Yiez + Yeo 
for every y = (e 7) in T. 
Yo Yzz 


The relation (10) means that the function F(z) satisfies the 
functional equation for an automorphic form. 

Let us show that F(z) is an analytic function. 

Suppose that f € H satisfies the conditions (5) through (7). As 
we have shown earlier, such a function f may be represented in the 
form f = È fẹ, where the fẹ are vectors of dominant weight in 
irreducible subspaces of H equivalent to H,. (The number of terms 
of this sum is finite, since each irreducible subspace occurs in H 
with finite multiplicity.) 

We introduce the operator 

A, =iU, + Us, 
where U,, U, are the self-adjoint operators defined on p. 48. The 
operator A, is defined on each of the vectors fẹ, of dominant weight, 


and hence also on f = È fẹ We show that 4, fẹ = 0 for every fr 
so that 


A,f =0. 


__ We realize the irreducible subspace H, of H as the space of 
functions analytic in the upper half-plane. In this realization the 
vector f, of dominant weight has the form: 


Se = elz + ITL (11) 


But the operator A, is given in H, by the following formula: 


A, = -e+ e+e 4-i). (12) 


(This formula follows from the expressions for the operators U, and 
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U, in H, that were given on p. 50.) From (11) and (12) we obtain 
immediately that A, fẹ = 0. 

We can write down an explicit expression for A, in the space 
of functions f(z, 9). On the basis of the formulae for U, and U, 


on p. 52 we find 
; a. 2) “| 
— pried — — 7 — | — — 
A =e BE ? 3y oL 


When we substitute in the equation A, f = 0 for f its expression (8), 


we obtain 
é .@ 
(2 + is) = 0. 


So we have shown that F(z) is an analytic function. It is clear 
that, conversely, if F(z) is an analytic function, then it satisfies (9). 
But then the function f defined by (8) satisfies (6). 

We have now proved that the conditions (5)-(7) on the 
function f are equivalent to the following conditions on the function 
F(z), which is connected with f by (8): 

1, F(z) satisfies the functional equation 


Yuz + Ya -n-i — , 
r (2i E 2a) yuz t ya) tt = FC); 

2. F(z) is analytic in the upper half-plane. 

In other words, F(z) is an automorphic form for the represen- 
tation T,,(g) of the discrete series. So we have shown that the 
multiplicity with which 7,,(g) occurs in T(g) is equal to the number 
of linearly independent forms corresponding to this representation 
T,,(g). The proof of the duality theorem is now complete. 

Remark 1. The duality theorem has been proved here under 
the assumption that [ contains the matrix gy = ( ; 1- 
Under this assumption the decomposition of the representation of G 
generated by the space X = T \ G does not contain the represen- 
tations Hz of the principal continuous series (that is, the represen- 
tations realized in the space of jodd functions on the affine plane), 
nor the representations of the discrete series with even index z. 

It can be shown that the duality theorem remains valid even 
T o). Note that 
in this case the decompositions of the representation of G gencrated 
by the space X = T \ G also contains the representations Hy and 
the representations of the discrete series with an even index z. 

Let us give a definition of am automorphic form for the 
representation Hy. 


when T does not contain the matrix gy = ( 
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We consider the space of continuous functions g(z) on the 
half-plane Im z > 0. In this space we give a representation T (g) 
of G by the following formula: 


+ ga 
T(g)¢(z) = (sue + ss) Z + ga)’. 15 
(2) 9(Z) =p tid F Sos (S122 + 822) (15) 
A differential operator of the second order A in the space of functions 
g(z) that commutes with all the operators T(g) has the following 
form: 
0? "| . ( ð . 2) 
= —y24__ — — — 
A (+55 +o ax 1 Oy) (16) 
It can be shown that the representation H> may be realized in a 
certain subspace of functions ¢(z) satisfying the equation 


Ag(2) = 9(2). (17) 





Here the representation operator is given by (15). An automorphic 
form corresponding to the representation Hy is defined as any 
function g(z) satisfying (17) and the relation 


Yuz + Ya) _ 
fee z + 1 — z 
(= ven (YieZ + Y2)! = (2) 


for every ye I. 

The proof of the duality theorem for the representations H7 is 
an almost verbatim repetition of that for the representations H$. 
We leave this as an exercise for the reader. 

Remark 2. Without proof we give a statement of the duality 
theorem for an arbitrary representation J (g), induced by a 
finite-dimensional representation of I’. 

Let T be a discrete subgroup of G such that the space 
X = T \G is compact, z(y) a finite-dimensional irreducible unitary 
representation of l, and T(g) the representation of G induced by it. 

Then the multiplicity with which a given irreducible represen- 
tation T,(g) of G occurs in T(g) is equal to the multiplicity with 
which the space of the irreducible representation y(y) of F is 
contained in the space Q, of the representation Tp. 

The definition of the spaces ©, for various irreducible 
representations of G was given above. 


6. The General Duality Theorem. In this subsection we give a 
proof of the duality theorem for an arbitrary semisimple Lie group 
G. Every Hilbert space H in which an irreducible unitary represen- 
tation of G acts can be imbedded in a certain linear topological 
space Q. The duality theorem will then be established in the 
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following form: if the factor space X = T \G is compact, then the 
multiplicity with which an irreducible representation H occurs in the space 
generated by X is equal to the largest number of linearly independent vectors 
in Q that are invariant under Y. 

In the construction of Q we need the following property (A) of 
representations of semisimple Lie groups, which is stated below 
without proof. 

Let G be a semisimple Lie group, U its maximal compact 
subgroup, H the Hilbert space in which an irreducible unitary 
representation T (g) of G acts. 

In H we consider the representation of U. Since U is compact, 
H can be decomposed into the direct sum of subspaces H,, such that 
in each the representation of U that acts in it is a multiple of an 
irreducible one. (It is assumed that the irreducible representations 
of U in the spaces Hm are inequivalent.) 

Each of the spaces Hy, is finite-dimensional. In other words, every 
irreducible representation of U occurs in H with finite multiplicity. t 

The elements £ from the subspaces Hm and their finite linear 
combinations are called U-polynomials. Clearly, e HĦ is a U- 
polynomial if and only if the space spanned by the vectors T'(u) é, 
u € U, is finite-dimensional. 

We now turn to the construction of the space Q. 

In H we fix a certain U-polynomial &). With every vector 
n € H we associate a continuous function on G: 


P(g) = (T(g)n, £o) (1) 


where (., .) denotes the scalar product in H. 
It is easy to see that the correspondence 


n —> %,(8) (2) 
is linear and that ¢,(g) = 0 identically on G only when 7 = 0. 
So the correspondence is an isomorphism. 

There is a natural topology in the set of functions »,(g): a 
sequence of functions is called convergent if it converges uniformly 
on every compact subset of G. We extend this topology to H and 
complete H in this topology. The space so obtained is denoted by Q. 

In the construction of Q the choice of the U-polynomial £e 
was arbitrary. We shall now show that in fact 2 does not depend 
on the choice of &). For this purpose it is enough to prove the 
following assertion: If for one €, € H the sequence of functions 


Panto) = (T(8) Mn £0) (3) 


converges uniformly on every compact set in G, then the same is true for every 
U-polynomial &. 


t It is precisely this property, and not the semisimplicity of G, that is used in the 
proof of the duality theorem. 
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Proof. If the sequence 9,,.,(g) converges on every compact 
set in G, then this also holds for every vector & of the form 


E -È ceT (8x) Eo (4) 


These vectors € form an everywhere dense subset H, of H. 

Let Em # 0 be an arbitrary U-polynomial belong to Hm. From 
the fact that H, is an everywhere dense linear subset of H and that 
H,, is a finite-dimensional subspace of H it follows that the projection 
of H, onto Hm coincides which the whole space Hm. In other words, 
there exists a vector £ of the form (4) such that 


Pm = Em (5) 


where P,, is the projection operator sending H, onto Hm. 
The projection operator P,, is given by the following formula: 


PrE = | on(u) E du. (6) 
j 


where olu) is the character of the irreducible representation of U 
corresponding to Hm. 
So we obtain from (5) and (6) 


Bautalé) = (T(E) tw Pb) = | onl) (T 08) E) dus 


. U 
that 1s, 


Prasal8) = | mlt) Payette) du. (7) 


U 


From the fact that the sequence of functions 9,, -(g) converges 
uniformly on every compact set in G we deduce, by (7), that the 
sequence of functions ¢,, -,(g) has the same property. This proves 
the assertion. 

In this way we place every Hilbert space H, in which an 
irreducible unitary representation of G acts, in a complete linear 
topological space Q., 

We now introduce the concept of a matrix element in Q. 

To begin with, let 7, £ € H. Then we set 


Su e(8) = (T(g) Ns £), (8) 


where (., .) denotes the scalar product in H. 

Now let 7 and £ be vectors from Q of which one, for example ¢, 
belongs to H. We assume that there exists a sequence {7,} of 
vectors from H that converges to 7 in the topology of Q and such 
that the sequence of functions 


Sang(8) = (T(8) Iw £) 
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converges uniformly on every compact set of G. Then we set 
Saale) = lim fy,(8)- (9) 


Similarly we define f, .(g) for n ¢ H. The function f, .(g) is called 
a matrix element in Q. 

We now establish the main properties of these functions. From 
the definition it follows immediately that f,.(g) is continuous 
function of g. Furthermore, it is not difficult to verify the following 
properties of the matrix elements f, .(g) : 

1. For every 7 there is at least one ¢ for which fy .(g) is defined. 
(In fact, f,-(g) is defined if one of the vectors € or 7 is a 
U-polynomial—this follows from the definition of Q.) 

2. If fylg) is defined, then f,,(g) is also defined, and 


Snel) = Sael). 
3. If fi,e(g) and f,,..(g) are defined, then /,,,, ‘saam,g() is also 
defined, and 


Sarn+toane,§(8) = tifu, l8) + te fre elg). 


4. If f,..(g) exists, then fy (e) > 0, where e denotes the unit 
element of G. 

5. If f e(g) exists, then fryrerone(8) exists for arbitrary g,, 
g E€ G, and 


Fran Tun 8) = Sailr 8E) 


6. Let 7, be a sequence that converges to 7 in the topology of 
Q. Ifthe f(g) are defined and are uniformly convergent on every 
compact set in G, then f, ,(g) is also defined and 


Fn(8) = lim f,,.(8)- 


Finally, the space Q has the following completeness property. 

If for some & € H the sequence of functions f,, .(g) is defined and is 
uniformly convergent on every compact set in G, then the sequence n, converges 
in Q. 

For by virtue of the proposition on p. 58 if the sequence f,, (8) 
is uniformly convergent on every compact subset of G, then the same is 
true for the sequence f,, -. (g), where £ is an arbitrary U-polynomial. 
But then, by the definition of the topology in Q, the sequence 7, is 
convergent. 

Now we pass on to the statement and proof of the duality 
theorem. 

Let G be a semisimple Lie group, and I a discrete subgroup of 
it for which the factor space X = Il \ G is compact, H the space of 
an irreducible unitary representation of G, and Q the linear 
topological space containing H, as constructed above. 
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Duarry THEOREM. The multiplicity with which H occurs in the 
representation of G generated by X is equal to the largest number of linearly 
independent vectors in Q that are invariant under T. 

Proof. We assume that the representation generated by X is 
realized in the space # of functions on G that satisfy the following 
conditions: 


flyg) =f(g) forevery yer; 
If 1 = JIAO? de < ©, 
F 


where F is a fundamental domain in G relative to I. The represen- 
tation operator T (g) is given by the formula 


T (go) f(g) =F (88). 


Suppose that the space H in which the irreducible unitary 
representation of G acts occurs in #. This means that we have a 
correspondence: with every eH is associated a function 
plg) € #, and 


l. Partrtaeta (8) = x1 Pe, (8) + Pi (8)» 
2. Prior(8) = %e(S8o) for arbitrary go, g € G, 


3. (En £2) = f pl) PB) dg. 
$ 
Observe that the set of functions g;(g) contains an everywhere 
dense subset of continuous functions. For this set contains together 
with 9,(g) also the function y4,(g), where A = J T(g) dg, U being 


an arbitrary neighborhood of the unit element of G. Clearly the 
functions p4;(g) form an everywhere dense subset. On the other 
hand, from the formula 


P 43(8) = | plez) dgy 
U 


it follows easily that these functions are continuous. 

Now we associate with the space H a vector 7 €Q that is 
invariant under the operators T(y), ye VI. For this purpose we 
give a basis of neighborhoods of the unit element of G: 


U, > Uz, > +++ D U, 2D +e 


We consider the averages of the functions ¢,(g) on each of these 
neighborhoods: 


1 
WPi, nl8) = mes U, f Ps(g18) dgı- 
Un 
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It is easy to verify that p; „(£) is a continuous linear functional on H. 
Consequently, for every n there exists a vector 7, € H such that 


Ve,n(€) = (£, Na) 
Hence it follows that 


Ye.n(8) = Vriore.n(é) = (T(g) É, Nn)» 
that is, 


Pen(8) =Se.nq(8)- 


If g,(g) is continuous, then the sequence of functions 
Ve.n(€) = Jen (8) is uniformly convergent to 9;,(g) on every compact 
set in G. Consequently, by the completeness property, the sequence 
of the corresponding vectors 7, € H converges in the topology of 


Q to a vector 7 and 
Senla = ple). 


This vector 7 is invariant under the operators T (y), y e T. For we 
have 


Seren) = Sen) = Pr) = oE) = Sina) 


Consequently, T(y) = 7 for all y e F. 

So we have associated with the irreducible subspace H contained 
in # a vector 7 € Q that is invariant under T (y), ye I. Now we 
prove the converse: to every vector 7 € Q that is invariant under all 
T(y), y e I, there corresponds a realization of the space H in #. 

For let 4, be an invariant vector in Q. If £ is an U-polynomial, 
then f,,,,(g) is defined. We set 


PD) = Sen (8)- 


It is easy to see that 
pe( yg) = pile) 
for every ye I. For we have 


PIEI) = fem Y8) = Si TOMA = Sim) = P 


We introduce a scalar product in the set of functions ¢,(g) by 
the formula 


N 


(Panle), Ps,(8)) =| pal) $2,(8) dg. 


By completing the set of functions 9,(g) with respect to this 
scalar product we obtain a realization of H in the form of a subspace 
of XH. 

In this way we have associated with the vector 7 € Q invariant 
under all-T(y), y e L, a realization of H in #. It is easy to verify 
that linearly independent vectors 7 correspond to linearly indepen- 
dent spaces. This shows that the multiplicity with which occurs 
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in # is equal to the largest number of linearly independent vectors 
in Q that are invariant under I. The proof of the duality theorem is 
now complete. 


In the discussion of the group of unimodular matrices of order 2, the space Q 
is defined in a different way, namely as a space of all eigenfunctions corresponding 
to a given eigenvalue of the Laplace operator on a Lobachevskii plane. This 
definition of © can also be given for an arbitrary semisimple Lie group G. 

We begin by giving a definition of © in case H contains a vector nọ that is 
invariant under the operators T (u), where u ranges over the maximal compact 
subgroup U. 

With every £e H we associate a function on G, 


E —> ple) = (T(8)&, 1). 
It is easy to see that the functions ¢,(g) satisfy the condition 


Pe(ug) = ple) 


for every u € U, that is, they are constant on the cosets of U in G. So they can be 
regarded as functions g,(x) on the symmetric space S = U \ G. 

We consider the Laplace operators on S, that is, differential operators A on $ 
that commute with the group translations: 


(Age) (xg) = A(pe(xg))- 


From the irreducibility of the space of functions ¢;(x) it follows that all these 
functions are eigenfunctions of Laplace operators corresponding to a fixed 
eigenvalue (depending only on H) for the whole set of functions. 

It can be shown that our space Q consists of all eigenfunctions of the Laplace 
operators on S with a fixed choice of eigenvalues. 

A similar statement holds in the general case. Namely, every space Q can be 
realized as a linear set of continuous vector functions f(x) defined on S and 
subject to the following conditions: 

1. Q is closed with respect to uniform convergence on every compact set in S. 

2. A representation of G acts in Q and is defined by the following formula; 


TDS (x) = a(x, g) f (xg), 


where a(x, g) is some continuous matrix function of x and g. 
3. The original space H is contained in Q as an everywhere dense subset. 
More accurately, to every & € H there corresponds a function /,(x) E Q, where 


Fror = T (8) fe(*), 


and if (£n, £n) + 0, then the functions f;,(«) tend to zero uniformly on every 
compact set in S. 

4. The space Q consists of all eigenfunctions of a set of differential operators 
(with matrix coefficients) on G. 


§5. THE TRACE FORMULA FOR THE GROUP G OF 
REAL UNIMODULAR MATRICES OF ORDER 2 


1. Statement of the Problem. In § 2.4 we obtained the trace 
formula for a locally compact group G and a discrete subgroup T 
for which T \ G is a compact space. 
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We recall: let y(y) be a finite-dimensional representation of I, 
and T(g) the unitary representation of G induced by it. Denoting 
by o,(g) the characters of the irreducible representations occurring 
in the decomposition of T(g) we obtained the following relation: 


F f olaola) de = F Tr wy) ME, G) [ole tre) de. (0) 


G,\E 


Here T, and G, are the centralizers of y in I’ and G, respectively; 
Tr z(y) is the trace of the matrix z(y); y ranges over precisely one 
representative from cach class of conjugate elements in T; 9(g) 
is a positive definite continuous function satisfying the following 
inequality 


| p(go) | < | pleas) dg, (2) 


U 


where U is a compact neighborhood of the unit element, and g,(8) 
a non-negative function summable on G. 

The formula (1) contains a lot of information about how T (g) 
splits into irreducible representations. For example, in the case of a 
compact group G we can easily obtain from the formula an expression 
for the multiplicity with which a given irreducible representation is 
contained in T(g). For by substituting for y(g) the character o(g) 
of the irreducible representation we find that the multiplicity N with 
which this representation occurs in T'(g) is equal to 


N= — 3a) Tr z(y) 


(np is the order of T), see § 2.4. Note that when the multiplicities 
N are known to us, then we also know which irreducible representa- 
tions occur in T (g) and which do not. 

In this section we shall discuss the trace formula for a 
noncompact group—the group G of real unimodular matrices of 
order 2. 

To determine the multiplicities. in the case of a compact group 
we substituted in the trace formula for (g) the characters o(g) of 
the irreducible representations. Here again we pass from the 
functions ¢(g) to the functions 


hlo) = f ole) ole) de, 
where o ranges over the characters of the irreducible representations. 
The left-hand side of (1) permits passage to (0o) in an obvious 
fashion. The main problem consists in passing to h(a) on the right- 
hand side of the equation. This problem will. be solved in § 5.3 
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through 5.6. The final relation for the functions h(c) will be obtained 
in §5.6. From this relation we draw important conclusions in § 5.7 
and § 5.10, namely: 

1, Formulae for the multiplicities with which the represen- 
tations of the discrete series occur in T(g). 

2. An asymptotic formula for the number of representations 
T,(g) of the continuous series with the index |s| < « that occur in 
T(g) (as a > œ). 

Notwithstanding the somewhat lengthy computations to be 
given, we emphasize that they are all elementary, require no new 
ideas or arguments, and follow the standard workings in these 
branches of representation theory. 


2. The Function 4. Here we give without proof the formulae 
for the characters of the irreducible representations of I’. (These 
formulae will be derived in Chapter IT, § 4.) 

1. The character of the representation T t, s = ip, of the first 
principal series is concentrated on the set of hyperbolic clements 
(that is, on the set of matrices with real eigenvalues A #1) and is 
given on this set by the following formula: 

124 -i lAl 
+ — Le 
ot(g) \A, — Viana > (1) 
where A, is an eigenvalue of the matrix g. 

2. The character of the representation T7, s = ip, of the 
second principal series is also concentrated on the set of hyperbolic 
clements and is given on this set by the following formula: 

lAl + [al 
zd = <- Ags 
95(g) |2; — az" sign g (2) 

3. The character of the representation T, s = p, of the 
supplementary series is concentrated on the set of hyperbolic 
elements and is given on this set by the following formula: 

lAl + lA 
(8) =, 0 L. 3 
(Therefore, this formula is obtained from the formula for the 
character of the first principal series by analytic continuation with 
respect to p.) 

4. The character of the representations of the first half of the 
discrete series is given by the following formulace: On the set of 
hyperbolic elements 

Eeg) =A 
o; (8) ~ A, — z? (4) 
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where 4, is the eigenvalue of g of greatest modulus. On the set of 


elliptic elements 
e~ no 


le) = Se pate? (5) 
where g is the angle of rotation corresponding to the matrix g. 


. . . cosy sin 
In other words, g is conjugate to the matrix , . 
—sin pg cos p 


5. The character of the representations of the second half of the 
discrete series is given by the following formulae: On the set of 
hyperbolic elements 


ac" 
axle) = of(@) = 7 (6) 
g g 
On the set of elliptic elements 
ein? 
on (g) = zo gle? (7) 


where is defined as in (5). 
Now we associate the following collection of functions with the 
functions g(g) on G that satisfy the estimate (2) of § 5.1: 


tlo) =f oorle) de, |" 

h-o) = f ole) o5(e) de, 

ilip) = f lole) de, (8) 
hy =| on(g) dg, 


i =| edoze 


Our task is to pass to the trace formula (1) of § 5.1 from the 
functions p(g) to the functions h. 
Obviously the left-hand side of (1) can be written in the follow- 
ing form: 
LA (px) + LA (pr) + LAtpm) + Dae + LT hae 
where the sum is taken over those indices p}, n, n, of the represen- 
tations of the principal, supplementary, and discrete series that 


occur in 7(g). Thus, our main task is to express the right-hand 
side of the trace formula (1) of § 5.1 in terms of the functions h: 


I= Z Tr x) MEG) | oleve) de (9) 
GyG 


t In other words, &*(p) = Tr [] pe) Ti (8) dg). 
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—1 0 
We also assume that T contains the matrix —e = ( 0 i 


(The case when —e is not contained in I will be discussed separately 
in § 5.11.) 

Since T \ G is compact, I" does not contain parabolic elements; 
thus, the elements y # +e of T are hyperbolic or elliptic. 

We shall find the contribution to the trace formula separately 
for hyperbolic elements, elliptic elements, and the elements e, —e. 


3. Contribution of the Hyperbolic Elements to the Trace 
Formula. Let J(6) be the integral of g(g) with respect to the class 


1 0 
of elements conjugate to the diagonal matrix 6 -( ) 
AA +1: 0 4 


1(8) = È Fe 88) a (1) 


D-G 


(The integration is taken over the space of conjugacy classes of the 
subgroup D of diagonal matrices in G.) 
The following formula expresses 7 (ô) in terms of h(p): 


I(6) = aaa | (h*(p) + A-(p) sign 2) IAI? dp. (2) 


In order not to interrupt the exposition we shall derive the 
formula (2) at the end of this section. On the basis of (2) we can 
now find the contribution of the hyperbolic elements to the trace 
formula. 

We call an hyperbolic element y e I primitive if the following 
two conditions hold: 

1. y is not a power of any other clement in I. 

2. The eigenvalues of y are positive. 

The corresponding class {y} of conjugate elements is also 
called primitive. Clearly, every hyperbolic element y can be 


represented in the form y = y}, where y, is a primitive element. 
Let y be a primitive hyperbolic element. Then it is easy to see 
that-the classes {y"} and {—y'}, k, L= 1, 2, ... are all pairwise 


distinct. Furthermore, if y, is another primitive element with 
positive eigenvalues such that {y,} Æ {y}, then the classes {į}, 
{-—y} and-{y*}, {—y"} are all distinct. 

On the right-hand side of the trace formula we examine the set 
of terms corresponding to the classes {y*} and {—y'}, where y is a 
primitive hyperbolic element. 
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Since Gy =G_y»=G,, Tye = T p = T, the corresponding 
sum has the following form: 


MIT, \G,) Se x) f olere) de 
wt Gy\e 
+ MTG) È Tear) f oero de) 
k=l eae 
Without loss of generality we may assume that y is a diagonal matrix 


(o ae) 
Y= 0 ap 


where A, > 1. Then G, coincides with the group D of all diagonal 
matrices, and I’, is the subgroup generated by the matrices y and 


— a^ 


We calculate u(T,\G,). The invariant measure on the 


A 0 
subgroup G, = D of diagonal matrices ô = ( ) is given by 
the following formula: 0 4 
_ da 

lAl 
(here it is assumed that the measure dg on G,\G is normed so that 
dg = dé dg when g = 6g). Since the fundamental domain in G, 
0 

). l<A<aA,, 


A1 


dé 


relative to I’, consists of the matrices 6 = ( ` 
we have 
ày 
da 
“#(T,\G,) = z= In 4, 


1 


In (3) we substitute for the integrals their expressions in terms 
of h(p) in accordance with (2). As a result, after regrouping the 
terms, we obtain the following expression: 


2 In A, Tr z(y) 
1 2a [25 — Az 


-Lo +20 
1+ . — 
| LE f aroja dp 1 HE | iepa s) 


where A, is the largest eigenvaluc of y; e = 1 when y(—e) = E 
e = —1 when y(—e) = —E, where E is the identity operator. 

To find the contribution to the trace formula of all hyperboli 
elements, we sum the expression so obtained over the set of al 
primitive classes of hyperbolic elements. The final result is: 
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The contribution of the hyperbolic elements y to the trace formula is 
2 In A, Tr x(y*) 


fy sai 27 [AS — A; 


+o +o 
LEE S acoja ap + LE f ioa dp), (8 








where the sum is taken over the set of all primitive classes {y} of conjugate hyper- 
bolic elements; A, is the largest eigenvalue of y; e = \ when y(—e) = E, 
and e = —l when y(—e) = —E, where E is the unit operator. 


Now we derive formula (2). This derivation is based on the following integral 
relation for the function /(6), which we give here without proof: 


f roso dô = f I(8)w(ô) dô = Í pl(s)olg) låg — Ag? dg, (5) 


lal <1 {al >1 Grwp 


where the integral on the right is taken over the set G,yp of hyperbolic elements of 
G, Àp 471 are the eigenvalues of g; «(g) is an arbitrary function on G that is 
constant on each class of conjugate elements. 

From this integral relation it follows that for every real p the following 
equation holds: 


+o 
. Aji 4-12,|-% , 
1(8) [A -aya ar = È pie) EEA ae a ilo). 
PETA] 
-0 Grup 
Similarly, 
+0 
Í 1(6) |A — ar] [AiP sign Add = h-(p). 
—@ 


Hence, we obtain 


W 


fro [A — AA 20-1 d} = (hlo) + Cp). 
0 


tonsequently, by the formula for the inverse Mellin transform 


+o 
1 ; 
10) = gag ay | OO + maine 


for 2 > 0. Similarly, 


+o 


1 . 
108) = ey | OH) = Co) Lal dp 


for A > 0. 
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4. Contribution of the Elliptic Elements. Let J(u) be the 
integral of (g) over the class of clements conjugate to the orthogonal 


cosé sini 
matrix u = ( . ),o<m <a: 
—sinft cost 
Iu) = f leug) dè. (1 


uU\e 


(The integration is taken over the set of conjugacy classes of the 
subgroup U of orthogonal matrices in G.) 
The following formula expresses J(u) in terms of h(p) and h,: 





+0 
_ 1 hy ~~ h S + pint — n) l f 
Iu) = — risin | y HÈ (Aae — ae + Ten sin i 
h*(p) —————— -r ———— dp. (2) 
cosh F sinh 


As in the preceding subsection, in order not to interrupt the 
exposition, we shall derive formula (2) at the end of this subsection. 
On the basis of (2) we can now find the contribution of the elliptic 
elements to the trace formula. 

Observe, first of all, that all elliptic elements y e I are of finite 
order. For if there were an elliptic element y of infinite order, then 
we could select from the sequence y, y*,..., py”... a convergent 
subsequence of pairwise distinct elements, and this contradicts the 
fact that I is discrete. 

We call an elliptic element y e T primitive if the following 
conditions hold: 

l. y is not a power of another element of IT of higher order. 

2. Among the clements y, y?, ... y yields the rotation by the 
smallest positive angle. 

The corresponding class of conjugate elements {y} is also 
called primitive. 

Clearly every elliptic clement is the power of a primitive elliptic 
clement, 

We note that the order of a primitive clement is always even. 
For suppose that an elliptic element y is of odd order k, y* = e. 
Obviously, then —y is of order 2k, and (--y)*t! -= y 

Let y be a primitive elliptic clement of order 2k. 
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From the definition it follows that y is conjugate in G to the 


cos— sin— 

= sin— 

, k k . . 

matrix . Without loss of generality, we may 


si mT mT 
—sin — cos — 
k k 


assume that 


o mT 

cos~ sin — 

k k 
y= 

. T T 

—sSin-=- cos-; 

k k 


We examine the classes of conjugate elements {y*}, {—y*} = {y**4}, 
st = 1,...,k — 1. Itis clear that all these classes are distinct. We 
say that these classes are connected with a given primitive element y. It is 
easy to verify that the classes connected with two primitive elliptic 
elements y and y, that are not conjugate in T are all distinct. 

In the trace formula we consider the set of terms connected with 
a given primitive elliptic element y, that is, the terms corresponding 
to the classes {7°} and {—y'},s,t =1,...,k —1. 

The corresponding sum has the form 


wT, \G) Z Trat) | ole) de 


GAG 


ME, \G) È Tray) | olera de (8) 


GAG 


Note that in this case, G, is the group of all orthogonal matrices 


cos £ sin ¢ 
| , ) T, its cyclic subgroup of order 2k generated by 
—sint cost 


y. Consequently, if the measure on G, is normed by the condition 


u(G,) =2n, 
then 
T 
aT, \ G,) = E . 


In (3) we substitute for the integrals their expressions in terms 
of h(p) and k, in accordance with (2). As a result, after regrouping 
terms, we find that the contribution to the trace formula of classes 
connected with a given primitive elliptic element y of order 2k is 


72 HOMOGENEOUS SPACES WITH A DISCRETE STABILITY GROUP 


equal to 


1 *2Tr x(y*) l 
Aki £ 1. WS ( 
si 


k 


ht — hy 
- a) 5 0 


+ 5 (1 —( — 1) ne) (htetttsri) — a) 


n=l 
m(2s — kjp 


eT ly), 2k 


L + 
mA f (L + e)A*(p) = 
k —% cos > 


cosh 


(2s — k)p 


— (1 — e)A-(p) sinh Th 


dp. 


a 7p 
h— 
sin 9 


To find the contribution to the trace formula of all elliptic 
elements we sum the expressions over the set of all primitive classes 
of elliptic elements. 

As the final result we have: 

The contribution to the trace forntula of the elliptic elements is 


xo 1 Ta o 
-35 5 la -aA a $ a -nre 


Gi saa 4ki sin — x n=1 


way E0) 


-h 


hreish — peitsi a. — . ms 
(A, n i+ È 2 TEE sin 


+e cosh (2s — hre z2 Te 
[ee 
Žo cosh — 
sinh (2s — *)np so 
— (1 = Ale) ———— dp, (4) 
sinh p 


where the summation is taken over the set of all primitive classes {y} of elliptic 
elements, and 2k is the order of the primitive elliptic element y. 
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Now we derive formula (2). This derivation is based on the following integral 
relation for the function J(u) which we give here without proof: 


fa (u)@(u) dt = f plg) let — e"? olg) dg, (5) 


=r Qei 


—sint cost 
elliptic elements of G; e“#, e-* are the eigenvalues of g; w(g) is an arbitrary 
function on G that is constant on each class of conjugate elements. 
From this relation it follows that 


cost sint . . . 
where u = , the integral on the right is taken over the set G,, of 


A it i ‘nt ev int 
Í I(u)(e* —eé je ent dt — Í ¢(g) yt _ gait dg. 
-r Gar 


We compare the expressions so obtained with the formulae defining ht and k3: 


+ eirt V a 
ka = [or Tas + Í (8) yor & 


Ger Gryp 
gint Aon 
te [ oe aude + | ol@ paar 
Ga Grup 


where the first integrals are taken over the set of elliptic elements and the second 
over the set of hyperbolic elements g, and A is the cigenvalue of greatest modulus 


olg; n20. 
We find that 
T 
n 
f Iu) (e ~ eint dt = At — [ pe) 7 —3 48 
—T Grup 
T 
a —n 
| T(u)(er tt — etjet dt = —hp t l ole) goa &- 
r Gru» 


On the basis of the formula for the inverse Fourier transform we find that 


I(u) = — i hg — ho + $ (hžeint — fre-inty 
2r(e t p ett) 2 A n n 
oo Aon (eint _ e int) 
— c dg}. 6 
2 Jorat © 
Gneo 


We now express the last term in this formula in terms of k+(p) and k~ (p). 
First of all, we note that 


Aleit — eit) 


wo 
an int __ pint) — ` 
2, (e ) 1 — 24 cost 4- A? 
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Consequently, 
1 w% [ Arn (eint — eim) 
I = = Dale _ 75 2 J 7(g) 2 qa 4s 
Gryp 
l ( Go eT 
ae | PS) EAT — QA cost = A?) 
Grup 


On the basis of the formulae derived at the end of the preceding subsection 
we obtain 


o +o 
I l ht i AT a dpd? 
t= gà (AT(p) -i (i aaco aE 
1 -@ 
© 40 
+ I (h+(p) — K (p)) a” dpda 
Br? (p) =E Tay cost = a oP tA 
1 =œ 


We simplify this expression. First of all, using the fact that h+(—p) = k (p) 
and fA-(— p} = A-(p) we can rewrite it in the following form: 


a © 
L (h+ k ( lg 
h= Ter f (P) +E) arcos = BP 
-2 0 


jie 
+o) — 
da | fom (p) — he a -l- 24 cos t + Ta 2hcost g A” tP 


—00 


Now we integrate over 4 by using the following standard formulae: 


© 
a sinh pt 
= 0< |t ; 
| rarat sinh pr sin t’ <l <z 
9 
Ae a sinh p(t — a) 
— n di = - > O<ti< m 
Í 1 — 24 cos ¢ -L 4? sinh pz sin t < ™ 
0 
œ 5, 
AiP n sinh p(t “| a) 
— d} = ~ — =- t <0. 
Í l — 22 cost + i sinh pr sin £ T< 0 
0 
As a result we find that 
sinh p(t — 7) 
= ——— ht Z — m 
toot - aint T Cp) + C) sinh pr d 
+0 


sinh r 





— È ato -y ŽE ap}, 


v 
-0 
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where 0 < t < m. After regrouping terms we have 


cosh (Qt — me =e sinh (2t — me = 7)P 


1 2 

= , = —_—— + ———— h — 

I = 167 sin £ Í hlp) h mp i (p) o np dp, 
—0 cos. a sinh z 


+œ 


where 0 <t <m. 
Substituting this expression in the formula (6) for Z (u) we obtain the required 
formula: 





= 1 hy ~ ho < tint —p—int 
I) =~ Fai ml g t D,, ae — tiger) 
, +e cosh C! = 7) p sinh Cl = mr) p 
BETET ia f h*(p) —; A~(p) — ie 
“o cosh sinh F 


where |t| < 7. 


5. Contribution of the Elements ¢ and —e to the Trace Formula. 
Clearly the terms corresponding to y = +e in the trace formula are 


vu(T \ G)[ ele) + ep(—e)] (1) 

where » is the dimension of the representation z(y); where u(T \ G) 

is the volume of T \ G, e = 1 when y(—e) = E and £ = —1 when 

y(—e) = —E, where E is the unit operator. So we have to express 

ple) and p(—e) in terms of the function 4. These expressions will be 

obtained in Chapter 2, § 6. We quote them here without proof. 
The following formulae hold: 


+90 


l mp ze) 
= — + 7 
p(e) an? Í (( (p) p tanh 5 + h-(p) p coth 2 dp 


—o 
@ 


+ Sali +d; 2) 


n=1 


1 +a 
p{ —e) or Í GOL tanh T — h-(p)pcoth 5 Ze) dp 


+4 = È (Hl a(t + fy). (2’) 


TË pal 
Thus, the contribution to the trace formula of the elements e and —e is 


-H0 


moa Í (lore + e)p tanh ZÊ 


0 


+ h-(p)(1 — e)p coth =P) dp 
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6. The Final Trace Formula. We have now found the separate 
contributions to the trace formula of the hyperbolic elements, the 
elliptic elements, and the elements e and —e. Let us note the final 
trace formula. 

Let k+(p), h-(p), At (ip), ht, hkz be the Fourier transforms of the 
functions y(g) corresponding to the various series of irreducible 
unitary representations of G (see formula (8) in § 5.2). 

Suppose that I is a discrete subgroup of G such that T contains 

— 0 
; D) and that the space I'\G is compact, 
that z(y) is a finite-dimensional unitary representation of F and 
that T (g) is the representation of G induced by z(y). 
Then we have the following trace formula: 
LAt (pe) + Dap) + LAE Pm) H LV, + È ha 


+0 


=} valt G) Í [ea + e)p tanh 


the matrix ( 


—%0 


+ h-(p)(1 — e)p coth ze] dp 
4 L yu(T G) > all 4 (—1)"e](ht + Az) 


+0 
2 ln A, Tr x(y*) Lte l 
A | ___- | ht ipk 
> 2. on |4 — a*l 2 J (p) 2iP® dp 


+2 
l—e . 
+ f h-(p) Ay 


0 


kt 1 Tr x(y°) ( — Ee, 7 
7 AT . a \ 2 (hg — ta) 
sin 7 
+ > [1 — (—1)*e]ate itro — fgg toon 
n=1 
\ (2s — k)rp 
+00) cosh ——_—— 
k-1 ] Tr 8 2k 
+ ES AA f eoa + a 
{y} s=1 sin EA cosh Z£ 
k 2 
sinh (25 —*) 7 —k)ap 
— r-(p)(1 e) — 7 | dp. 
sinh F 


On the left-hand side of this formula the sum is taken over the 
representations that occur in the decomposition of T (g); each term 
is counted with the appropriate multiplicity. 
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On the right-hand side the first two terms are the contribution 
of the clements ¢ and —e; the third term is the contribution of the 
hyperbolic elements; the last two terms are the contributions of the 
elliptic elements. 

We recapitulate our notation: » is the dimension of z(y); 
u( T \ G) is the volume of the fundamental domain; e = | when 
y(—e) = E, e = —1 when 4(—e) = —E, where E is the unit 
operator; Tr y(y) is the trace of the matrix y(y); A, is the largest 
eigenvalue of the primitive hyperbolic element to y; 2k is the order 
of the primitive elliptic clement y. The summation in the third sum 
is taken over the set of primitive classes {y} of conjugate hyperbolic 
elements; in the fourth and fifth sum, over the set of primitive 
classes {y} of conjugate elliptic elements. 


7. Formulae for the Multiplicities of the Representations of the 
Discrete Series. On the basis of the trace formula we obtain at once 
the formulae for the multiplicity with which a representation of the 
discrete series occurs in T (g). 

Our arguments are based on the following fact. We can 
construct continuous positive definite functions f(g), 9;(g), 
n=1,2,...0onG oO satisfy the following conditions: 

1. Ty = f 9;(g)T(g) dg and T,- = f v,(g) T (8) dg are com- 
pletely continuous integral operators. 

From this condition it follows that the trace formula is applicable 
to the functions y=(g) and ¢;(g). 

2. For the functions gt(g) we have ht(p) =A-(p) =9, 
hy =0,1=0, 1, 2,...; AF =0 forj #n; k AO. Similarly, 
for the functions P78) we have ht(p) =h-(p) =0, A} = 0, 
i = 0, 1, 2,. 7 =Oforj #n; k; #0. 

In order not to interrupt the exposition we shall construct these 
functions later, in § 5.9. 

Let us apply the trace formula to the functions gyi(g). By 
condition 2, the only nonzero terms in this formula are those with 
ht. As a result, after cancelling ht we obtain the formula for the 
multiplicity with which the representation 7*(g) of the discrete 
series occurs in T(g). 

The multiplicity N} with which the representation T*(g), n > 0, of 
the discrete series occurs in T(g) is expressed by the following formula: 


n? 


N+ = [l + (—1)"-1e] yu(P\G) | — 2, > ETAO) een . 


- WS 
sin — 


k 
(1) 
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Similarly by applying the trace formula to the functions y;(g) we 
obtain: 

The multiplicity N; with which the representation T7(g), n > 0, of 
the second half of the discrete series occurs in T(g) is expressed by the following 
formula: 


_ vu( T \ G) wt 1 Tr g(y^ 
= —j])*-1 Ae Ns AMS ea itenlk ` 
N; = [1 +(-)**e] m tÈ 27K ms 
k 
(1°) 


In the particular case when T does not contain elliptic elements 
we have 
2AT À G) | 


= N; = [I + (11t (2) 


8. Complete Splitting of the Trace Formula. We apply the 
trace formula to an arbitrary function (g). From the result in 
§ 5.7 it follows that the terms with A+ on the left- and right- 
hand sides of the formula are identical: consequently all these terms 
can be discarded. As a result we obtain a relation containing only 
the functions A+(p) and A-(p). We show that this relation, in its 
turn, can be split into a relation for h+(p) and one for h-(p). 

_ ¥(g) + l-8) 
5 . 


Let us replace o(g) by o*(g) Obviously 


for pt(g) and (g) the functions 4*(p) coincide; on the other hand, 
for the functions g*(g) we have A-(p) =0. Consequently, the 
transition in the trace formula from (g) to g+t(g) reduces to 
discarding the terms with 4-(p) in this formula. Thus, finally we 
can separate the trace formula into two rclations—one for the 
functions At+(p) and the other for the functions A-(p). These 
relations have the following form: 


-Fœ 


. 1 
Sarpy) + Filipa = ga rMAG) + e) | Ae(p)p tanh dp 


oO 


© Ini Tr 
+ (1-48) SEON ae 
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+œ 


Eio) = pg HTA G)(I — e) f tr(p)p coth ZE dp 


+œ 
2 In* y Tr x(y*) f ai 
+(1— h-(p) å d 
( e) a2 4m |2,— al J (9) Ay" dp 
sinh ——— 2s — k 7p 
ka 1 Tr xy kh 
1-j yy y mae fr (2) 
{y} s=1 sin 
sinh — > 


We mention that the sum tin in formula (1) is finite, 
since T(g) can contain only a finite number of representations of 
the supplementary series. t 

It can be proved further that the number of primitive classes 
{y} of elliptic elements is finite; therefore the contribution of the 
elliptic elements to the trace formula contains only a finite number 
of terms. 


9. Construction of the Functions ¢,(g) and g;(g). In § 5.7 the 
formulae for the multiplicity of the representations of the discrete 
series were obtained on the basis of the following, and so far un- 
proved, proposition: For every natural number n there exist 
continuous positive definite functions ;(g) and gi(g) (on G) 
satisfying the following conditions: 

l. T = § p3(g)T(g) dg are completely continuous integral 


operators. 

2. For the functions yi (g) we have h+(p) = A-(p) = 0,4, = 0, 
ht = O forj An, kt #0. Asimilar condition holds for the functions 
P(g). 

We now describe a construction of such functions under the 
assumption that n > 1. (The excluded cases n =0 and n= 1 
require a special discussion which we omit.) 

For the sake of exactness let us consider the representation 
T;(g). We recall that it is realized in the space H; of functions f (z), 


n 


analytic in the half-plane Im z > 0, for which 


e= | oema ded <to. — () 
Imz>0 
The representation operator is given by the following formula: 
Suz T Sa 
Tt == (Z + n-1 (fee), 2 
(e) f (2) (2812 + B22)" Uf Binz + Bop (2) 


+ Otherwise the set of numbers p, has an accumulation point (because 
0 < py < 1), and this contradicts the theorem on the discreteness of the spectrum (see 
p. 26). 
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We now realize this representation in the space of functions on 
G itself. 
As a preliminary we introduce parameters on G. We specify 


the matrix g = (i <») by the complex number 
fe. §22 
z= Sul + £n (3) 
12 + Zee 
and the real number 
0 = arg (22 — Sst). (4) 


Note that Im z > 0. 
It is easy to check that under the translation g — ga, 


az 22 
to the following formulae: 


43, fiz . 
a= ( ) the parameters z and 0 are transformed according 


4,2 + ün 

> ce 2 

A422 + ee 

Next, we express the invariant measure dg on G in terms of 
z =x +i and 0: 


, 0 — 6 — arg (aZ + az). (5) 


dg = z dx dy d0. (6) 


We substitute for the functions f(z) from the representation space 
H+ the functions ¢(g) on G that are defined by the following formula: 


plg) = ell r+DOy ntf 2), (7) 


where z = x + iy and 0 is defined by (3) and (4). We have to 
establish some properties of y(g). 

Obviously, p(g) is continuous. Next, on the basis of (6) and 
(7) we have: 


[ier d = f oa tard < o (8) 


Thus, ¢(g) of integrable square modulus. Finally, it is easy to 
check that y(g) is transformed under f(z) — T7(go) f(z) according 


to the formula 
Ty (80) (8) = 9(880)- (9) 


So we have obtained a realization of the representation 7T*(g) 
in a certain subspace of continuous functions p(g) on G with 
integrable square modulus. The representation operator in this 
space is defined by (9). 

Let f(z) be a vector of dominant weight in H} : 


fol2) = (zr i 
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(see § 4.5). We define a function p{(g) by the following formula: 


P = Aney). (10) 


The function gt(g) is positive definite; this follows from the 
easily verified equation 


pile) =¢(T (2) fo So): 


We now show that f(g) satisfies the estimate 
Ipile) < | (ees) de, (11) 
Ù 


where U is a compact neighborhood of the unit matrix, and ¢(g) is 
a nonnegative function summable on G. 
First of all, we observe that for n > 1 


[lesion de = forte Hirded < tm, (12) 


that is, pł(g) is a summable function. 
Next, we observe that 


lot(ga)| =p? Jay, + tarl"! |Z ZI", (13) 


ay, Ae Gy, + ilz 
4=- 
Qo, laz Ay, + typ 
Now let U be a compact neighborhood of the unit matrix. 


From (13) it is clear that there exists a constant C > 0, depending 
on U, such that 


where a = ( 


12 (go)| < C Ipa (go)! (14) 


for every gy € G and every a € U. Consequently p}(g) satisfies the 
cstimate 


Isle)! < | Pleas) de, 
U 





where ¢(g) = mes Ty | Pals) here ¢(g) is a summable function 


on G. From this estimate it follows (see § 2.2) that 


Ty, = | PDT de 


is a completely continuous integral operator. So the validity of 
condition 1 for the functions g+(g) is established. 
Now we show that the functions g{(g) also satisfy condition 2. 


For by construction, g} (g) is contained in an irreducible subspace of 
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the space of all functions ¢(g) on G for which 
flee de < œ. 


The irreducible representation T7(g) of G acts in this subspace. 
From this it follows that for every irreducible representation T,(8) 
of G, other than T}(g), the operator 


Tota | ile) Tale) de 


is zero, Hence, the trace of T+, is zero. So we have shown that for 
yt(g) we have 


h+(p) =h-(p) = 9, hy =O and Aj =0 for j An. 


Now we show that A} #0. For if ht = 0, then on the basis of 
formula (2) in § 5.5, which expresses p(e) in terms of h+(p), -(p), 
h; and h,, we have pt(e) = 0. However, pte) Æ 0. 

So we have shown that the function pt(g) defined by (10) 
satisfies the conditions | and 2. 

The function g;(g) is constructed similarly. 


10. The Asymptotic Formula. The formula on pp. 78-79 
leads to the following asymptotic formula. Suppose, for the sake 
of exactness, that e = | so that 7(g) does not contain representations 
of the second principal series. We denote by M(t) the number of 
Px in the interval 0 < p, <t. Then 


n Niet l 
jim YO LL sarc), (1) 


where v is the dimension of the representation x(k), “(1 \ G) is 
the volume of the factor space I \ G. We note that in the absence 
of elliptic elements this formula enables us to find the genus of I’, 
because the genus is uniquely determined by g(T \ 6). 

The idea behind the proof of this formula is as follows. If in 
the formula on pp. 78-79 we can substitute a function of the 
following form: 


Te Tio el > T 
and then show that the dominant term on the right-hand side is 
( č rlo) p tanh = dp, (3) 
Jo 2 


then we obtain (1) at once. 
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However, among the functions for which the formula on pp. 
78-79 is true there are no functions of the form (2). So the idea of 
the subsequent reasoning is to construct a family of functions h;(p) 
that approximate, in a certain sense, the sequence of functions 


ho(p)- 
Suppose then that kr(p) is a sequence of functions with the 


following properties: 
l. kp(p) is an integral function for which 


lkn(p)| < C exp « |Im (p)l, 


where « = min In /,, the minimum being taken over all primitive 
hyperbolic elements y e I. 
2. hp(p) is an even function. 


3. hyp{p) = 0 on the real axis. 
4, There exists an € > 0 such that hp(p) = o(|p|-**) in the 


domain as Re p — œ. 
5. Let Cp = max hrp), cr = min hr(p). Then 


0<p<T 0<p<T 


lim Cr = lim cp = 1. 
Tota T++0 


ce) 
2 


T’ 
6. OL as T— +o. 


0 
© 


7. Í Wolo)! pè dp = OCT) as T— +o. 
T 


. Let us show how to derive the asymptotic formula (1) from the existence of 
such a family of functions hp(p)}- 

First of all, from 1, 2, and 4, we can deduce that A+(p) = hp( p) is the Fourier 
transform (see the first formula (8) in § 5.2) of a certain function gp(g) on G. 
Moreover, this y7(g) can be chosen so that Ty, = $ Prl) T(g) is a completely 
continuous operator and has a trace; the trace formula (1) on pp. 78-79 is then 
applicable to gp(g). We examine the terms of this formula separately. 

From 1, it follows that the contribution to the trace formula of the hyperbolic 
elements is zero. Each of the finite number of terms corresponding to the elliptic 
2s —k 

2k 7P 
elements contains under the integral the factor —--————— , which decreases 


h ZE 
cosh -> 


exponentially as p— œ. Therefore these terms do not contribute to the 
asymptotic formula. Next we note that the sum > hp(ip,) in the trace formula 
contains only a finite number of terms (sec p. 79), so that it also does not 
contribute to the asymptotic estimate. 

As a result, when we ignore in the formula (1) on p. 78 the terms that do 
not contribute to the asymptotic estimate, we obtain 





cosh 


+o 


1 kij 
> hrle) ~ ga eTO f hy(p)p tanh TF dp. 


—Ņ 
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Using 5 and 7 we find that > hy pr) ~ N(T). On the other hand, 


+o 
from 6 and 7 it follows that f Ap(p)p tanh dp ~ T*. Hence the required 
-o 


asymptotic formula (1) follows immediately. 


Thus, the asymptotic formula follows from the existence of a 
sequence h,(p) with the properties 1—7. 

A construction of a sequence of such functions Ap(p) is not given 
here, but it is noted that the existence of functions »7(g) on G, for 
which /p(p) is a Fourier transform and for which the operator T}, 
is completely continuous and has a trace, is closely connected with 
the Paley-Wiener theorem on G.t 


11. The Trace Formula for the Case When —e Does Not 
Belong to T. All the formulae of the preceding subsections were 
obtained under the assumption that T contains the matrix 


—1 0 
—e -( 0 i} However, there is no difficulty in obtaining 


similar results for the case when —e does not belong to T. 
Suppose then that T is a discrete subgroup of G such that 


X = 1\G is a compact space and that the subgroup does not 
0 


—1 
T(g) of G induced by a finite-dimensional representation y(y) of 
T. Let p(g) be a function on G, and h*(p), A-(p), ki, hz its Fourier 
transforms defined by the formula (8) in §5.2. Our aim is to 
compute the multiplicity with which a representation of the discrete 
series occurs in T(g) and to obtain relations analogous to those in 
§ 5.8 for the function k+(p) and h“(p). 

Without detailed computations, the contributions elements of 
various types in [ make to the trace formula are: 

1. Hyperbolic elements, First, we modify the definition of a 
primitive hyperbolic element. A hyperbolic element y is called 
primitive if it is not the power of any other element in I. (Thus, we 
do not require here that the eigenvalues of y are positive, sce p. 67.) 
By analogy with § 5.3 we find: 

The contribution to the trace formula of the hyperbolic elements 


—1 
contain the matrix ( ) We consider the representation 


is 
In Ai Tr z) 
2 in |2, Tr x(x f B . ; 
r ht +h sign A*) 14, dp. 1 
2 2 Or le A (h*(p) (p) sign As) {Ale dp. (1) 
-o 
+ An account of this theorem for the case of the group of complex matrices can 


be found in Generalized Functions, vol. 5 (27]; the case of the group of real matrices is 
treated by Ehrenpreis and Mautner (see [5] in the Bibliography to vol. 5). 
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Here the notation is the same as in § 5.3; the sum is taken over the 
set of all primitive classes {y} of hyperbolic elements. 

2. Elliptic elements. The definition of a primitive elliptic 
element remains unchanged (see p. 70). We note that in our case 
all elliptic elements are of odd order. For if an element y in T is of 
—1 


even order 2k, then y* -( 0 


0 
i} Consequently, the matrix 


—l 0 
( 0 i belongs to I’, which is not the case. By analogy with 
§ 5.4 we find: 

The contribution to the trace formula of the elliptic elements is 





2k 1 Tr x(7°) 
> 2 Tk + Ii oy 28 
~ 2k +1 
hy ~~ hy Sf It i2rsn{(2k+1) —,—i2usn| (2k+1) 
Te + 3 ie — hze ) 


+y š 1 Tr x(y*) + Tr z(y) 





GO a1 8(2k + 1) . Qs 
sin z +1 
+o cosh aE 7 1)p 
h*(p) a 
-o cosh > 


aw(4s — 2k — l)p 


— h (p) sinh dp. (2) 


.. TP 
sinh — 
2 
Here the sum is taken over the set of all primitive classes {y} of 


elliptic elements. 
3. The unit element. The contribution of this element is 


vul T\ Ople) = "ADEN f e tanh TE hto) dp 


-%0 


T 


mal e 


+œ 
1 ay 
+a f pooth TE a-p) dp + Salhi +A). (3) 
n=1 
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We emphasize that in this case the decomposition of T (g) may 
contain irreducible representations of all series. 

By analogy with § 5.7 we find: 

The multiplicities N+ and Nz with which the representations 
Tt(g) and T;(g) of the discrete series (n > 0) occur in T(g) are 
expressed by the following formulae: 


l x( s) rh 
+ — — a n ae i2nsni(2k+1) 
Nt za *H(T\ Gn 2 5 (Qk + i. E » (4) 








{y} s=1 Qos 
n Ok +1 
Trg) 
— r + —i2men{(2k+1) | 
N, = L oul \G)n zS -b 1)i sin Ons 
2k +1 


(+) 
For the functions A*+(p) and A~ (p) the following relations hold: 


+a 


BAe) + SMe) = gg HTA G) | Alp) tanh FE dp 


—%Q 


+90 
2 In |4,| Tr x(y*) ll ; k 
A ht A crs d 
+ p> Qa jay Al Ce) 14,1 dp + > S8 TA B(2k + 1) 


a(4s — 2k — l)p 





cosh ——————_——— 
T s) + Tr 2(2k +1 
r z(y ) Trat) + Ten) Rate) Teil) Fy ( > ) dp, (5) 
sin ok Ji cosh ~y 
+a 
T 
Eile) = gg HE \ G) f ilo)p coth TE dp 


—%9 


+% 
2 jn \A,| Tr x(y5) , 
p AAAA h- Ayes sien àd 
l {7) s=1 Qa | As ~ A] J (p) | | g ‘dp 
1 Tr g(x’) + Tr ly) 
2k -1 


., a(4s — 2k — 1)p 
7 sinh — ora +1 





dp. (6) 


te sinh Z£ 


2 
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APPENDIX I TO § 5 


A Theorem on Continuous Deformations 
of a Discrete Subgroup 


Throughout this appendix T denotes a discrete subgroup of the 
group G of real unimodular matrices of order 2 for which the space 
T \ G is compact. 

In this appendix we try to clarify the degree to which the 
representation of G generated by X = I'\ G determines T. To all 
appearances, although this is so far unproved, the representation 
determines I’ to within transition to a conjugate subgroup. Here we 
obtain a somewhat weaker result. 

To begin with, we note that if two representations T,(g) and 
T,(g) of G, generated by the spaces X, = F, \ G and X, = r; \ G, 
are equivalent and I’, and T, do not contain elliptic elements, then 
these groups are isomorphic. 

If the representations generated by X, and X, are equivalent, 
the indices p; of the representations of the principal series occurring 
in the decomposition of these representations are identical. But we 
conclude on the basis of the asymptotic formula proved in § 5.10 
that the genera of [, and T, are the same. We then apply the 
standard result that if two subgroups IT, and T, have the same 
genus they are isomorphic. 

Now we introduce the notion of a continuous deformation of a 
subgroup T. We assume that every ¢ in the interval 0 < ż¢ <1 is 
associated with a discrete subgroup T, C G, isomorphic to T, and 
To = F. By y(t) we denote the image of the element y € I under 
the isomorphism T — T,. If all the functions y(¢) are continuous, 
then the family of groups T, is called a continuous deformation of 
the group = To 

Every group T has a continuous deformation of the following 
form. Let g(t), 0 <¢ <1, be a continuous curve starting from the 
unit clement (g(0) = e) in G. We set T, = g-1(é)Tg(t). Clearly 
the family of groups T, forms a continuous deformation of T; such a 
deformation is called trivial. 

It is known that for discrete subgroups (with a compact funda- 
mental domain) of an arbitrary semisimple Lie group other than 
the group of real matrices of order 2, every continuous deformation 
is trivial, This remarkable result is due to A. Weil. 

In this appendix we prove the following theorem. 

THEOREM. Let T, be a continuous deformation of I. If the 
representations of G generated by the spaces X, = \',\G are equivalent, 
then the deformation T, is trivial. 

We shall use the following fact. 


88 HOMOGENEOUS SPACES WITH A DISCRETE STABILITY GROUP 


(*) The traces of the matrices of the discrete subgroup form a discrete 
set on the real line.* 

On the basis of this fact we shall now prove two lemmas. 

Lemma 1. If the representations T,(g) and T.(g) generated by the 
spaces X, = T, \ G and X, = T \ G are equivalent, then for every matrix 
yı € T; we can find a matrix y, € T, and conjugate to yy. 

Proof. If T,(g) and T,(g) are equivalent, then these two 
representations have the same trace. Consequently, for every finite 
continuous function o(g) we have 


f È lg tyg) dg = 2 78 *78) dg (1) 


yeli 
T\G Pie 


(see § 2.4 (3)). Now take y, E Tj. 

Suppose that I’, contains no element conjugate to y,. Then, 
by (*), for every function ¢(g) that is concentrated in a sufficiently 
small neighborhood of y, the right-hand side of (1) is equal to zero. 
But this is impossible, because for such functions (g) the left-hand 
side of (1) is different from zero. 

Lemma 2. Let T, be a continuous deformation of G such that the 
representations generated by the homogeneous spaces X, = V',\G are all 
equivalent. 

We denote by y(t) the image of the element y = y(0) € T under the 
isomorphism T + T, Then the trace of the matrix y(t) does not depend 
on t. 

Proof. Clearly it is sufficient to prove the statement of the 
lemma for sufficiently small values of ¢. But for small ¢ the assertion 
follows immediately from Lemma 1 and from (*). 

Now we pass on to the proof of the theorem. We denote by 
A, the algebra of matrices of the form > A,y,(t), where the A, are 


k 
real numbers and the y,(t) elements of I,. 
It is not hard to verify that YU, coincides with the algebra A 
of all matrices of order 2. 
‘We set up an isomorphic map A, — A, of A, onto M, Let 
a € Mo We represent a in the form 


a= > AnY es (2) 
k 
where y, € T, and associate with it the clement a, € U, of the form 


a, = 2 Anyidt)- 


_ t Ifthe sequence {Tr y,} has a limit, then for a suitable choice of g, € G the sequence 
gg Yag also has a limit. We write g, in the form g, = ygyi» where y, ET, g EF. Since 
the fundamental domain F is compact, we may assume that {g;} is a convergent sequence. 
But then {({)-17,7/} is also convergent, and this contradicts the fact that T is discrete. 
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We have to verify that the correspondence a — a, docs not depend 
on the expression (2) for a. In other words, we have to show that if 
2 Yy = 0, then also 2 Aky rlt) = 9. 


Suppose that 2 dade = 0. Then 2 Anvey = 0 for every ye T, 


and so Tr (z nya) = 0. But by Lemma 2, 
k 


Tr (z Ane”) = Tr (z hyld). 


Consequently, 
Tr (Z arr) = 0 (3) 


for every y(t) e T,. Since the algebra spanned by the matrices y(t) 
coincides with M, it follows from (3) that 


(gano) =o 


for every matrix a. Consequently, 
> ryt) = 0. 


So we have defined a map of A, onto U,. It is easy to see that 
this is an isomorphism. 

It is well known that every automorphism of the complete 
matrix algebra is an inner automorphism. Hence there exists a 
matrix g = g(t) such that 


F aralt) = 22 (2 aera) (4) 


for arbitrary real numbers 4, and arbitrary elements y, € I’. 

From the fact that the left-hand side of (4) is a continuous 
function of ¢ it follows that g(t) may also be chosen as a continuous 
function of ¢. 


In particular, for every matrix y e I we find on the basis of 
(4) that 


y(t) = g(t) yeli), 


that is, T, is the trivial deformation. The proof of the theorem is 
now complete. 
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APPENDIX II TO §5 


The Trace Formula for the Group of 
Complex Unimodular Matices of Order 2 


Here we derive the trace formula for the group G of complex 
unimodular matrices of order 2. The complex case turns out to be 
considerably simpler than the real one, because it is easier to 
construct irreducible representations for the group of complex 
matrices than for the group of real matrices. The reader will see in 
2. that the trace formula for the group of complex matrices has a 
much simpler structure than in the real case. 

Since the results for the complex case are obtained by the same 
methods as those used in the real case, the details of the proofs are 
omitted. 


1. Irreducible Unitary Representations of G. The group G of 
complex unimodular matrices of order 2 has two series of irreducible 
unitary representations—the principal and the supplementary 
series. 

The principal series of representations is realized in the space H 
of functions f(z) of a complex variable z of integrable square 
modulus 


: [IF dz a2 < +. 


The representation consists in associating with every complex 


) 


an operator T, ,,(g) in H of the following form: 


= m-|-ip—2 + -m aZ + z) 1 
T, mle) fle) = Ibe + ome (pz + r (B42). a) 
Thus, the representation is given by a pair of numbers: a real 
number p and an integer m. It can be shown that two representations 
T, m(g ) and Ty, mle g) are equivalent if and only if either p = p’, 
m =m or p = —p', m = —m’. 
The character of T, »(g) is given by the following formula: 
Lalim agm + Ja,ja 
Op, n(g) = là, — AD? (2) 





where 4, and 47" are the eigenvalues of g. 
If in (1) we allow p to be an arbitrary complex number, then 
we obtain, in general, nonunitary representations of G. There is 
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always a reasonable way of giving a space of functions f(z) in which 
this representation acts. The character of T, ,(g) in this general 
case is also given by (2). 

The supplementary series of irreducible unitary representations 
is obtained for m = 0, p = is, where —2 < s <2, 50. The 
Hilbert space in which the operators T, o(g) of the supplementary 
series act consists of the functions f(z) for which 


ist = (5) fier — aal-*f (2) da T dan dey < + o. 


The reader will find details on irreducible representations of G 
in Chapter IT, and also in [28]. 


2. The Trace Formula for G. Let T be a discrete subgroup of 
G such that T \ G is a compact space; x(y) a finite-dimensional 
representation of y; 7 (g) the representation of G induced by x(y). 
Since T \ G is a compact space, the representation T (g) splits into 
a direct sum of irreducible unitary representations. Information on 
what irreducible representations occur in this decomposition is 
contained in the trace formula of § 2: 


I fole opm(e) de = Z Tr KT, G) f olera) de (1) 
yel che 
where the summation on the left is taken over all representations that 
occur in 7'(g).t 
This formula is true for any function o(g) on G for which 
T, = =f ple)T (g) dg is a completely continuous operator having a 
trace, in particular, for every smooth finite positive definite function. 
Our aim is to pass in the trace formula (1) from the function 
(g) to its Fourier transform 


hlp, m) = f ole) %p.m(8) de. 


By the formulae for the characters o, .(g) under 1 this function 
h(p, m) is given by the following explicit formula: 
[Aplr Az" e (Aim ap 
= dg. 2 
Aes m) = f o ee (2) 
The left-hand side of (1) is transformed to (p, m) in an obvious 
way. So our problem is to express in terms of (p, m) the integrals 


p(8&-*ye) dg 
GAG 
over the class of elements conjugate to the matrix y e€ I. 


t We recall that by T, and G, in (1) we denote the centralizers of the element 
yeT in T and G, respectively. 
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Note that owing to the compactness of I \ G, the group T has 
no parabolic elements. Hence every element y € I, other than +e, 
is conjugate to a diagonal matrix 


A 0 
ô = . 
0 A 
We introduce the function 
I(ô) = f (g? ôg) dg 
Ga\e 
and try to express it in terms of h(p, m). For this purpose we use an 


integral relation between the functions y(g) and J(6), which we 
give without proof t 

l i da d} 

575 Ooa SE = | oe) le) lay — a de, 


where œ(g) is an arbitrary function on G that is constant on classes 
of conjugate elements. 
When in this relation we set 


co(g) = lå, — AFl 05 m(8) 
= |% — Ay? (1a,hetm ay” + Apima), 

we find that 

da da 

|217 


Bearing in mind that Z (ô) = J(6-1), we can rewrite this formula in 
the form 





5 ll 1(8) [A — ANP (apet azm + jajem am) EEEE — (p, m). 


i , dia dh 
5 | 10) [A — A-*? 1410+ Te T h( p, m). 


So we see that (p,m) is the Mellin transform of the function 
I(a) |A — 272. Consequently, by the formula for the inverse 
Mellin transform, we have 
+o 
27)? © > 
Ka = pÈ f Mo, m) 121 a dp. 
So we have expressed the integral over every proper class of conjugate 
elements in terms of (p, m). On the basis of this formula we have: 
for y ~ +e 
+a 
2r)? 2 , 
Í p(g- yg) dg = an 2 Í h(p, m) |2," Ay dp, 

a,\G 7 7? mee —0 

where 2, and 4%* are the eigenvalues of y. 


+ A derivation of this relation can be found, for example, in [28]. 
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Now we examine the exceptional case: y =e and y = —e. 
In this case the class of conjugate elements consists of a single 
element, and the integral over this class degenerates into g(e) and 
g(—e), respectively. So we have to express p(e) and y(—e) in 
terms of k(p, m). Without proof we give the final formulae 
+o 
ple) = aa (m? + p*)h(p, m) dp, 


=—0 
-o 





pe) = aay Š (1) f one + pA, m) dp. 


=—0 





These formulae immediately follow from results of Chapter 2, § 6; 
see also [28]. 

As a result, after going over from the functions (g) to A( p, m) 
the trace formula assumes the form 


> h( Prs Ma) = n vu(T \ G) 


Qa 


> [1 + (—1)™e] f (m? + p*\h(p, m) dp 


+o 
Tr aly aT \ C, 2) 5 | —ip—m jm 
+ ae A S 2) PCP m) 1A, A do (3) 


where » is the dimension of the representation y(y); e = 1 when 
q(—e) = E, e = —1 when y(—e) = —E, E is the unit operator. 
The summation on the left is over all the representations of the 
principal and the supplementary series that are contained in T(g). 
The formula can be split into relations for h(p, m) for fixed 
values of m: 
+o 


(T\G)(L + e) f ph(p, 0) de 


0 


l 
> AC Prs 0) = 39 at 








Tr z(y)a(T, \ G) -ip 
eee f h( p, 0) 14,1 dp; (4) 
I honi m) = seo, mel \ GL + (—1)”e] 


2 Tr x(y)u(T, \G,) 
; p SATAY ELEY Oy) 
f (m? + p°)Alp, m) de + X Fag — Gaya 


—0 


Í hep, m) 13er ap dp. (5) 
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The representations of the supplementary series are covered 
only by the first of these formulae. The derivation of the formulae 
from. (3) is left to the reader. 


3. The Asymptotic Formula. From (4) and (5) of 2 it is easy 
to derive asymptotic formulae for the distribution of the numbers 
pe We give the formulae here without proof. We denote by 
N,,(p) the set of numbers pm, > 0 that do not exceed p. Then the 
following asymptotic formula holds as p > œ: 


v G 
u(T \ G) p. 


Nm(p) ~ 127? 


§6. INVESTIGATION OF THE SPECTRUM OF A 
REPRESENTATION GENERATED BY A NON- 
COMPACT SPACE X = T \G (SEPARATION OF 
THE DISCRETE PART OF THE SPECTRUM) 


In this section we continue the investigation of the representa- 
tions of the group G of real matrices of order 2 generated by the 
spaces X = T \ G, where T is a discrete subgroup of G. As before, 
we assume that T contains the matrix —e. 

Earlier we investigated in detail the case of a compact space X. 
We proved that the spectrum of the representation generated by X 
is discrete. 

Here we assume that X is not a compact space, but has finite 
volume. The main task, as before, consists in studying the spectrum 
of the representation T(g) generated by X, in other words, to 
decompose this representation into irreducible ones. The solution 
of this problem will be given by the method of horospheres. 

The method of horospheres enables us to decompose the 
representation space into two invariant subspaces having much 
simpler spectral structures. The first of these subspaces to be studied 
has a countable discrete spectrum. 

It can be shown that the discrete spectrum of the second 
subspace has only a finite number of points, and that the spectrum 
of its remaining part is of the multiplicity of the continuum. This 
multiplicity of the continuous spectrum is equal to the minimal 
number of parabolic vertices of a fundamental domain of T. The 
proof is based on the perturbation theory of differential operators. 
To avoid overloading the book with special problems in the theory 
of differential operators, we give an account of this proof in another 
place. 
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1. Horospheres in a Homogeneous Space. Horospherical 
subgroups of G are subgroups Z of matrices of the form 


eha) 


and all subgroups conjugate to Z. 
Horospheres in a homogeneous space X = T \ G are orbits of 
horospherical subgroups, that is, curves of the form 


x, = X82871, 


where x €e X and g eG are fixed, and z ranges over Z. 

We note that the majority of horospheres on F \ G turn out to 
be noncompact and even nonclosed sets. Only those horospheres 
that are compact in I \ G play an important role for us. 

Let us state a compactness condition for horospheres. Since a 
horosphere is translated into a horosphere and a compact horosphere 
is translated into a compact horosphere, it is sufficient to restrict our 
attention to horospheres passing through a fixed point xo: 


= —1 
X, = Xpgzg. 


For x, we choose the point corresponding to the unit class in I‘ \ G. 
To begin with, lct g = e. Then a horosphere has the form 


X, = XZ. (1) 


We show that the horosphere (1) is compact if and only if the subgroup 
A =T A Zis not trivial. 
Proof. We consider a continuous map 


Z — XZ (2) 


of Z onto our horosphere C. Clearly the inverse images of the 
points of C under this map are cosets of A = F NA Zin Z. 
In this way the map (2) induces a continuous one-to-one map 


ZjA >C 


of the factor group Z/A onto C. 

Let us assume that A = l A Z is not trivial, and show that 
then C is compact. The horospherical subgroup Z is isomorphic to 
the additive group of real numbers; from this it follows immediately 
that its factor group with respect to A is compact, if the latter is 
nontrivial. But then C, as a continuous image of the compact set 
Z/A, is also compact. 

We now assume, conversely, that C is compact. Then the 
factor space Z/A is compact, and hence A is not trivial. This follows 
immediately from a general theorem, which we quote here without 
proof (see Pontryagin [57], Chapter 3, Theorem 20). 
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Let C be a locally compact homogeneous space in which a locally compact 
group Z having a countable open covering by compact sets acts. Then C is 
isomorphic to the space Z/A of cosets of Z with respect to the stability group 
A of one of the points of C. 

So we have established that for compactness of the horosphere 


Xz = Xz 


it is necessary and sufficient that the subgroup A = T A Z is not 
trivial. 

In a similar way it is easy to check that for compactness of the 
horosphere 

X, = Xogzg- 
it is necessary and sufficient that the subgroup 
A, = I A gZg7 
is not trivial. 

We say that two compact horospheres belong to a family if each 
arises from the other by a translation. The number of such families 
is an important characteristic of the homogeneous space X = T \ G. 
It is not hard to verify that this number is equal to the minimal 
number of parabolic vertices of a fundamental domain relative to F. 
We shall derive from the last results of this subsection that this 
number is finite, provided the volume of X is finite. 


2. Statement of the Main Theorem. Let I be a discrete 
subgroup of G such that the volume of I \ G is finite. 

We consider the representation of G generated by the homo- 
geneous space X -= I'\G. We recall that this representation acts 
in the space H of functions f(x), x € X, of integrable square modulus: 


f If (x)|? dx < œ. 


The representation operator is given by the formula 


T (8) f(x) =f (x8). 

Our task is to investigate the spectrum of this representation. 
In this subsection we separate the discrete part of the spectrum. We 
shall define an invariant subspace H? of H whose spectrum is discrete. 

First we state the precise result of this subsection. 

We consider the collection H° of functions from H whose 
integrals over any compact horosphere are equal to zero. It is not 
hard to check that H° is a closed subspace of H and that it is invariant. 

It stands io reason that the condition for the integral over one compact 


horosphere to be equal to zero by no means singles out a closed subspace. How- 
ever, the condition that the integrals over a given compact horosphere and all 
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horospheres sufficiently near to it are equal to zero in fact defines a closed 
subspace. 

Proof. We consider the set of horospheres that are sufficiently close to a 
given compact horosphere /. Since these horospheres do not intersect (see below 
in § 6.3), the domain K < X they fill is the topological product 


K=TxC 


ofa compactum T and C. Let Hg be the space of functions f (t, c) from H that are 
concentrated on K. The condition that the integrals of these functions over the 
horospheres close to / are zero can be written in the form 


[reo de ~0 forevery tET 
C 


Obviously this condition singles out a closed subspace Hx in Hg (this can be 
seen, for example, by going over from the functions f(t,c) to their Fourier 
transforms with respect toc). But then this condition singles out a closed subspace 
of the whole space H, namely the subspace Hg +- Hx, where Hy is the orthogonal 
complement to Hx. 


THEOREM. The space H° splits into the direct sum of not more than 
countably many invariant irreducible subspaces. In other words, the 
spectrum of T (g) in H’ is discrete. 

Leaning on results of § 2 we reduce this theorem to the proof 
of another proposition. 

We consider finite functions ¢(g) on G of the form 


glg) = v(g) * (g7), 


where »(g) is a finite infinitely differentiable function on G that 
differs from 0 only in a sufficiently small neighborhood of the unit 
element. 

Our aim is to prove that 


T, =f ole)T(e) de 


are completely continuous operators in H°. From this it follows 
immediately by the Lemma in § 2.3 that H° splits into the direct 
sum of not more than countably many invariant irreducible 
subspaces. 

Since T, is a self-adjoint positive definite operator, to prove 
that it is completely continuous it is sufficient to show that its trace 
is finite. 

So the main theorem reduces to the proof of the following 
proposition. The operator Tp, where (g) is a function of the form 
ple) = yle) * w(g-!), concentrated in a sufficiently small neighborhood 
of the unit element of G, has a finite trace on H°. 
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3. Cylindrical Sets. For the proof of the main theorem we 
split the space X = T \ G into cylindrical subsets whose structure is 
in a certain sense simpler than that of X. 

We call an open subset X, of X a cylindrical set if it can be covered 
by pairwise disjoint compact horospheres belonging to one and the 
same family. 

In other words, X; is the set of all elements x €e X of the form 


— —1 
xX = Xoo28q'v, 


where x, is a fixed point in X, g, a fixed element of G such that the 
subgroup [ N g,Zg5} is nontrivial (compactness condition for the 
horospheres); z ranges over Z and v over a certain set V in G. 
Here the element v —the index of the horosphecre—is uniquely 
determined by x. 

The object of this subsection is to prove the following proposi- 
tion. The space X can be represented as a union of a finite number of pairwise 
disjoint sets 

X=X+ Xt + Zy 


where X, is compact, and X,,..., X, are cylindrical sets. 

The proof of this proposition is based on a result obtained in 
§ 1.4, and now restated. 

In § 1.4 we showed that on the Lobachevskii plane there exists 
a fundamental domain F relative to T that is the union of pairwise 
disjoint subsets 


F =F + X F(b), (1) 


where F, is compact, b, are the vertices of F at infinity, and F(6,) 
are the triangles bounded by two geodesic lines /,, l, starting from 
b, and a horocycle w, passing through b,,k = 1,..., p. Here the 
sides l}, and L, of F(b,) are equivalent, that is, are obtained from each 
other by a transformation y e T. Moreover, every point inside the 
horocycle œw, can be carried into a point of F(b,) by a transformation 
y e T that leaves 5, in its place. 

With the decomposition (1) we associate a decomposition of 
X = T \ G into disjoint subsets. 

For this purpose we observe that the Lobachevskii plane is the 
homogeneous space G/U of cosets of the group G of real unimodular 
matrices of order 2 by the subgroup U of orthogonal matrices. 
Consequently, the fundamental domain F on the Lobachevskii 
plane relative to T can be identified in a natural way with the space 
of double cosets T \ G/U. We consider the natural map 


X=QT\GoF=TP\GlUu. (2) 
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We denote by X, and X, the complete inverse images of the 
sets F, and F(6,), k = 1,..., p, under this map. Then we obtain 
the decomposition 

X=X, +X, + +X, (3) 


of X into pairwise disjoint subsets. 

It is clear that X, is a compact set (because its image F, and 
the kernel of the map U are compact scts). We have to show that 
the remaining sets X, in this decomposition are cylindrical. 

We examine one of these sets X, and its image F (b,) under the 
map (2). First we describe these sets in matrix form. 

Without loss of generality we may assume that b, = œ. Then 
the subgroup of parabolic elements leaving b, fixed coincides with 


z 
transformations y e [ leaving the point b, fixed, the subgroup 
A = [ A Zis nontrivial. 

It is easy to verify that the set F(b,) consists of all points of the 
form 


1 0 
group Z of matrices of the form | i} Since there exist parabolic 


(za) Zo» 
where Zo = 7 is a point of the Lobachevskii plane having a subgroup 


of U as its stability group, a ranges over the set of diagonal matrices 
of the form 


a 0 
a= , O<a<N, (4) 
0 am 

and z ranges over a fundamental domain Zr of Z relative to 

A =I ^A Z. This domain Z, is compact, because A is not trivial. 

Clearly the complete inverse image X, of F(b,) consists of all 
points of the form 

x = XoZau, (5) 


where xo is a fixed point in X = T \ G corresponding to the unit 
class, and z, a, and u range over the sets of matrices described above. 

Let us show that the X, are cylindrical sets. First of all we note 
that for fixed a and u the set of points (5) forms a compact horosphere. 

‘Thus, through every point of X, there passes a compact horo- 
sphere from the given family. It remains to verify that distinct pairs 
a, u correspond to horospheres without common points. 

Suppose that the horospheres x, = %9Za,u, and x, = XpZdotle 
have points in common. Then there exist elements z,, z, E€ Zr and 
y e T such that 

YZ; = ZoAglly. (6) 

We consider the map G — G/U of G onto the Lobachevskii 

plane. Under this map the elements z,a,u, and z,4,U2 go over into 
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points in F(b). The equation (6) means that these points can be 
carried one into the other by a certain element y e I. But since 
F(b,) belongs to a fundamental domain relative to I’, this is possible 
only when these points coincide and y = 1. 

Thus, from (5) it follows that y = 1, and therefore 


Zyl, = Zoflgtty. (7) 


Since every matrix g € G may be decomposed in a unique way into 
a product of the form g = zau, we see from (7) that a, = a, and 
u, = ug. Consequently the horospheres x, = X%9Z@,u, and x, = xyZdqls 
coincide. 

So we have shown that the sets X,,k =1,...,, in the 
decomposition (3) of the space X = T \ G are cylindrical. 


4. Reduction of the Main Theorem. In § 6.2 the main theorem 
of this section was reduced to the following theorem. 
Every operator of the form 


T, ={ AT) d, 
where (g) is an infinitely differentiable function of the form 


ple) = v(g) * yg), 


concentrated in a sufficiently small neighborhood of the unit element of G, 
has finite trace on H? 

We now make a further reduction of the main theorem. 

For this purpose we split the homogeneous space X into the 
sum of disjoint subsets 


X=X% +X te HX 


where X, is compact and each of the sets X,, . . - , X, is cylindrical, 
that is, splits into pairwise disjoint horospheres of one and the same 
family. The possibility of such a decomposition was established in 
the preceding subsection. 

We denote by H, the subspace of functions of integrable square 
modulus on X and equal to zero outside X,, and by P, the projection 
operator of H onto this subset, k = 0, 1,..., p. Furthermore we 
denote by H? the subspace of functions of H, whose integrals over 
the horospheres of the family occurring in X, are equal to zero. 

Obviously we have the following inclusion: 


H cH, +H? +--+ + He, (1) 


Hence it follows that the trace of the positive definite self-adjoint 
operator T, on the space H° is not greater than the sum of the traces 
of the operators P,7,P;, on the spaces Hy, H?,..., H). 
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So the proof of the main theorem reduces to that of the following 
proposition. 

The trace of the operator PyT „Po on Hy, and the trace of the operator 
P,T Py on the spaces H}, k =1,..., p, are finite. 

We begin by showing that the trace of P)T,P, in A, is finite 
(note that X, is compact). 

For this purpose we recall that T, is a positive definite integral 
operator of the form 


Tof (21) -f K(81, 82) J (82) 482 (2) 
with the kernel r 
K (81, 82) = 2 (871782) (3) 


where F is a fundamental domain in G relative to the transformation 
g—vyg,yeT. Also K(g,, ge) is a continuous function of g, and gp. 
Let F, be the inverse image of X, in F. The map Fy > Xe is 
one-to-one and bicontinuous, hence F, is also a compact set. 
It is easy to see that Po T Po is an integral operator on F, of the 
form 


f Klen go) flee) des 


Fo 


Since the kernel K (g,, g2) is continuous, it is bounded on F. There- 
fore the trace of P, T „P, on the whole space H, is finite, and equal to 


{ K (g, g) dg. 
Fo 


It now remains to show that the trace of PT Pe k = 1,...,, 
is finite. We pass on to the proof of this assertion. 


5, Proof That the Trace of P,T P, in Hy is Finite. Let F bea 
fundamental domain of G relative to T, and F, the inverse image 
of the cylindrical set X, in F. Without loss of generality we may 
assume that X, splits into horospheres of the form 


xX = XoZg. (1) 


As we have shown in § 6.3, F, then consists of all possible elements 
of the form 
zau, 


where z ranges over a fundamental domain of Z relative to 


A= TAZ, 
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a ranges over the set of diagonal matrices 
a 0 
a= , 0O<a<QN, (2) 
0 a} 
and u over the set of orthogonal matrices. 


Obviously, P,7,P, can be regarded in H, as an integral 
operator on F, of the form 


Í Klen goFles) de» (3) 
where ri 
K (8&1, £2) = 2 (81782); (4) 


We are interested in P,T,P,, not on the whole space H,, but 
only on its subspace Hp. It is convenient to replace this subspace 
H? by another subspace isomorphic to it. 

For this purpose we assume that the functions f(g), g € Fẹ, are 
extended to the set AF, by the formula f(yg) = f(g) for arbitrary 
y e A and g E F, 

We consider the map 


QS wt f fize) az 6) 
A\Z 
of H, into itself, where u is the measure of A \ Z. Clearly the kernel 
of this map is our subspace H?, and the image is the subspace Hi of 
all functions in H, satisfying the condition 


f (zg) =f(8)- (6) 
From this it follows that H® is isomorphic to the orthogonal 
complement Ai, in H}. 
So we may replace H? by H,, the orthogonal complement to 
the subspace of functions f(g) € H, satisfying the condition (6). 
We show that the trace of PT Py in H, is finite. In other 
words, we have to show that the trace of the operator: 


P,,T ,P,, = OP,T PQ, (7) 


where Q is the projection operator onto Hj given by (5), is finite. 
Let us find the kernel of this operator. By (5) QP,7,P,Q is 
given by the kernel 


Ky (81) 82) = wo? f fx (Z181 Z282) dZ, dZs, (8) 
A\Z A\Z 


where K is the kernel of T,. Consequently, the kernel of 
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PT Pr — QP.T P,Q has the form 


K (83, 82) — p`? Í fx (2121) Z282) dZ, dZz (9) 
A\Z A\Z 


We have to show that this operator has a finite trace, that is, that 
the following integral converges: 


1=f|keg -u f [Kana desde] de, 00 
Fi A\Z A\Z 
Let us transform this integral. 


Substituting in J the explicit expression (4) for the kernel K 
we obtaint 


I= {> | (uta iz-tyzau) — po? 
ye 
p(u-ta-1z-1z, 1 yz,zau) dz, ta -a da dz du. (11) 
A\z A\z 
We simplify this expression. First, when we replace the function 9 


by its average 9,(g) = f y(u-1gu) du over the subgroup U of 
orthogonal matrices, we may write 


T=} | x(a-4z-4y2za) — u? 
yel L 


pi(a-1z-1z7yzaza) dz, dela du dz. (12) 
A\Z A\Z 

Now we show that the summation in (12) is, in fact, taken only 
over the elements y € A = IT N Z. In other words, we prove the 
following proposition: if p(a-1z,1yz ea) #0, where Zı, Z, € Z and 

a 0 

o=(* ,O<a< N, then y E€ À. 

0 a 

As a preliminary we recall that the function 9,(g) is assumed 
to be equal to zero outside a sufficiently small neighborhood V of 
the unit element. 

Suppose then that ,(a~!z;1yz,a) Æ 0, that is, 


a-!zy1yz,a =veV. (13) 

We represent v in the form 
v = za'u, (14) 
+ Here we have used a formula for the invariant measure on g in terms of the 


parameters z,a,andu: ifg = zau, then dg = « da dz du, where dz and du are the invariant 
measures on Z and on U. 
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where z e Z, u is an orthogonal matrix, and 


, «e 0 
a= ° 
0 ot 


It is easy to see that if V is a sufficiently small neighborhood of 
the unit element, then the element «’ of a’ is arbitrarily near to the 
unit clement. 

From (13) and (14) we obtain that 

YZ = Z'aa'u. (15) 
Consequently, the horospheres x, = xọza and x, = x9zaa’u in X 
have a point in common. 

Now we recall that the set of points in X of the form 


X = X_Zau, (16) 

where z ranges over Z, u over the orthogonal matrices, and a over 
a 0 

the diagonal matrices a = .) 0 < «<N, forms a cylin- 
x- 


drical set in X. It is easy to check that for 0 < æa < N + e, where 
e > 0 is sufficiently small, the elements (16) still form a cylindrical 
set. 

Consequently, from the fact that the horospheres x, = x9za and 
x, = X,zaa'u have a common point of intersection it follows that they 
coincide entirely and that a’ = 1 and u = 1. But then it follows 
from (15) that ye TI A Z. 

So we have shown that the summation in (12) is, in fact, over 
the clements ye A = F ^ Z. Hence this expression may be 
rewritten in the following form: 


I= |È | p(a>zyza) — u? 
yeA 


@,(a-1z-1zy1yZ,_za) dz, dale dx dz. (17) 
A\Z A\Z 
Since Z is a commutative group, the expression under the integral 


sign does not depend on z. Therefore, on integrating with respect 
to z we obtain 


[= uf | ex(a-tya) — po f pxa-ty2e) dz |a da. (18) 

ra L AZ 
In this expression we go over from the matrix to the elements. 
A is an infinite cyclic group. Thus, the elements y € A have the 


form 
l 0 
ye no 1} 
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where o is fixed and n ranges over the integers. For simplicity we 
take o = 1. 
Then we have 


1 0 1 0 
atya = | ), a`iyza = | ). 
na? | (n + z)a2 1 


We introduce the function of a single variable 
y(x) = p(z), (19) 
where z = ( i} Then the expression (18) can be rewritten in 
x 


the form: 
1 


_ [3 ž ine -f y(n + z)a2) a da, (20) 


where y(x) is a finite infinitely differentiable function. 
So we have to show that the integral (20) converges. Since 


[o((n + aat) dz = y(n +6,)a%), 0<0, <1, 


we have 
1 


winat) — | y(n + 2)a2) dz = —w((n + 04) 9") Opa, 
0 
where 0 < 60, <1,0 <6) <1. 
So the integral (20) is majorized by 
N 


L=È $ iyn + 0,)a3)| a da. (21) 


n=—%0 





Since y’(x) is a finite function, the summation in (21) is, in fact, only 
over those n for which |n + 6; |a2 <C. where C is a constant. 
Consequently, 

+o C 

$ Ipla + Oey < St, 


therefore, 
N 


Ls [Ca da < œ. 
0 
Thus, we have proved that the trace of PT Py in H} is finite. 
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Arithmetic Subgroups of the Group G 
of Real Unimodular Matrices of Order 2 


1. Definition of an Arithmetic Subgroup. Here we discuss 
examples of discrete subgroups of the group G of real unimodular 
matrices of order 2. Among all discrete subgroups of G the most 
interesting and most important ones are the arithmetic subgroups, 
which we now define. 

Let g — T(g) be any finite-dimensional representation of G. 
We examine the set of all elements g € G that correspond to integral 
matrices T (g). It is not hard to verify that these elements g form a 
discrete subgroup of G. All discrete groups so obtainable, and also 
all their subgroups of finite index, are called arithmetic subgroups. 
The simplest example of an arithmetic subgroup of G is the group l 
of all integral matrices 


Mi, Miz 
yr ’ MMos — MyMa = 1. 


Me, Moy 


It is called the modular group. 

In 4 we shall give other examples of discrete subgroups—the 
so-called quarternion groups. From results of A. Weil it follows 
that the modular and quarternion groups and their subgroups of 
finite index exhaust all arithmetic subgroups of G. 


Our definition of an arithmetic subgroup differs somewhat from the usual 
one. We now give the usual definition of an arithmetic subgroup of an arbitrary 
semisimple Lie group. 

First we introduce the concept of a linear algebraic group. 

We consider the group of all nonsingular matrices of order n over the field of 
complex numbers and a certain finite set of polynomial relations among the 
elements of the matrices. We single out the collection of all matrices that satisly 
these relations. If this collection of matrices forms a group, then it is called a 
linear algebraic group. 

If the coefficients of the polynomials belong to the field of rational numbers, 
we say that the group is defined over the field of rational numbers, We denote this group 
by G, and understand by G not so much the set of points, but the set of polynomial 
relations. 

If k is any commutative ring over the field of rational numbers, we denote by 
G, the set of matrices with elements from k, satisfying these relations and having as 
their determinant the unit element of the ring.. 

An arithmetic subgroup of a semisimple Lie group Gp (R is the field of real 
numbers) is any discrete subgroup obtainable by the following construction. 
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Let Gr > Gp be an arbitrary semisimple Lie group that contains Gp as a 
subgroup and is the direct product 


Gp =GpiK 


of Gr and a compact group K. In Gy r we choose an arbitrary discrete subgroup 
I” that is commensurable with G3 Z», where Z is the ring of integers. (This means 
that T” N Gz is of finite index in Gz and in I”.) Let T N Gp be the image of I” 
under the natural mapping G; R — Gp. All subgroups T so obtainable are called 
arithmetic subgroups of Gp. 


2. The Modular Group. In this subsection we construct a 
fundamental domain of the modular group T and show that this 
domain has finite volume. 

From § 1.2 we know that the homogeneous space X = ['\G 
can be interpreted as the space of linear elements of a certain 
Riemann surface 2. 

Our next task is to describe this Riemann surface. We recall 
that according to § 1.2 the surface 2 is constructed as follows. 
On the half plane Imz >0 we consider all linear fractional 
transformations corresponding to elements of T. By identifying 
points that can be carried one into the other by these transformations 
we obtain the required surface 2. 

To describe this Riemann surface explicitly, we construct a 
fundamental domain of T on the half-plane Im z > 0, where this 
group acts as a group of fractional-linear transformations. 

On the half-plane we consider the domain 2 given by the 
following inequalities: 


Izl >1, jRez\ <3. (1) 
or, what is equivalent, by 
lz>1, +1 >l, lz-U> lz (2) 


(Figure 3). We show that this is a fundamental domain for the 
modular group I. 
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To begin with, we show that every point of the half-plane can 


be carried into Ž by some transformation from T. 
Let z be an arbitrary point of the half-plane Im z > 0. We 
consider the plane lattice formed by the points 


w =mz Fn, 


where m and n range over all integers. From the points of the 
lattice we select one that is closest to zero (in the sense of the ordinary 
Euclidean distance). Let this be 


Wy = MZ + Moz 


Next we inspect the points of the lattice that do not lie on the line 
through 0 and w,, and from among them we again select a point 
closest to 0. Let this be 

We = MuZ + Mg. 


By the definition of w, and w,, the triangle with the vertices 0, 
w,, W, Contains no point of the lattice other than the vertices. Hence 
it follows easily that the parallelogram with the vertices 0, w,, we, 
w, + w also contains no point of the lattice other than the vertices 
(Figure 4).+ 
We show that 
MiMe — MıMa = +1. 


For this purpose it is sufficient to verify that every lattice point w, 
and among them 1 and z, is an integral linear combination of w, 
and wẹ We represent w in the form 
W = GW, + aW 
where a, and a, are real numbers. We have to show that then a, 
and a, are integers. If we represent these numbers in the form 
a =m +n, a, = Mm, + Tz 


where m; and m, are integers and 0 <7, 7, < 1, it is clear that the 
point 


+ 


w = W — MW, — MWg = TW, + TW 
Wg Wy Z 
e Ld e e 
e e e. 
a 7 
Figure 4. 


+ For if the triangle with the vertices w,, wz, W, + Wa contains another lattice 
point w, then there is also a lattice point in the triangle with the vertices 0, w, wa, 
namely w, + w, — w. 
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also is a point of our lattice. But this point belongs to the parallelo- 
gram with the vertices 0, w,, Wz w, + WwW, Consequently w’ = 0, 
that is, w = m,w, 4- mW. 

So we have shown that MM2 — m,,m., = +1. By changing, 
if necessary, the signs of mı and mg, we may assume that 


MiM — MyM, = 1. 
Now we consider the point 


,_ W MyZ + My 


zZz = . 
wy MZ + Mee 


We show that it belongs to 2. For from the definition of w, and 
w it follows that 


jwa] = |w], |w + w,| > lwel, |w: — w| > |wel- 
Dividing all these inequalities by |w,| we find that 
\2’| > l, Iz’ + 1| = Iz'l Iz’ = I 2 \z'|, 
that is, z’ belongs to 2. 
So we have shown that every point of the half-plane Im z > 0 


can be carried by transformations of into the closure 2of2. 


Now let us see what points of 2 can be carried into one another 
by transformations of T. The only such point pairs are on the 


boundary of J and symmetrical with respect to the imaginary axis; 
this shows that 2 is a fundamental domain. 
Suppose that the point zı = xı + 1, of G is carried into 
another point Z, = x, — ty, of Z by a transformation y from PI: 
M442, + Ma 
= ee 3 
? Mya2y + Mag (3) 
Our object is to show that z, and z, lie on the boundary of QR 
and that 7, = Jz 
Without loss of generality we may assume that y, >. First 
we show that y <J whence y, =9Jı To do this, we use the 
equation 
Jı 
-— A 4 
2 [MiZ + Maal? @) 
which follows immediately from (3). Next we show that 
[MiZ + Mal > 1. For we have 


[Mizzi + Mel? = mi, (xt + I) + AmygMeoor, + Mp. 
Since x? + y? > 1 and |x,| < % for points Z, of 2, we find that 


2 2 2 
|myoZ1 + Ma!? > mi, — MiMe) + m 21 
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(excluding the point m,, = Me = 0, which in fact cannot occur, 
SINCE MiMe — MyyMz, = 1). 

So miZ, + Maæ!? > 1. By (4) this shows that y <J, and 
consequently yı = Jz 

Now we show that the points z, = x, + iyı and Zg = x, + iz 
lie on the boundary of 2. For since y, = yz, we have by (4) 


2,2 __ 
(Mixi — moe)? + mpy = 1. 


By taking again all possible values of my, M2s, X1, Xa we easily see 
that this equation holds only in the following three cases: 


l. m = +l, Mzz = 0, x“ +y =l, 
2. me = +1, ma = +11, x, = +) (the sign of x, is opposite 
. V3 
to the sign of m, m2), 71 = F’ 
3. Miz = 0, Moo = +1, 
In the first two cases z, lies on the circle |z| = 1, that is, on the 


boundary of 2. In the third case we must also take m,, = +1, 
and therefore z, can be expressed in terms of z, as follows: 


Z: =Z +n, 


where n is an integer (n Æ 0). But then !z, — z,| > 1. Obviously 
this is possible only when z, and z lie on the vertical parts of the 
boundary of 2. So we have shown that the domain 2 sketched in 
Figure 3 is in fact a fundamental domain for the modular group P. 

Incidentally we have described the Riemann surface associated 
with the modular group T: it is the closure Y of 2, where points 
on the boundary of 2 that are symmetrical with respect to the 
imaginary axis are to be identified. Hence, this Riemann surface 
is homeomorphic to the sphere with one point deleted (corresponding 
to the point at infinity on 2). 

Now we compute the area of this unbounded domain 2 and 
show that it is finite. 

By definition, the element of area dv on the half-plane Im z > 0 
must be preserved under conformal transformations. From this 
condition we obtain easily that to within a constant factor the 
invariant element of area dv on the half-plane Im z > 0 can be 
expressed by the following formula: 








d 
dy = <2 . 
Consequently, the area S(2) of 2 is expressed by the formula 
dx d 
S(Q) = f 2, 


2 
5 J 
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Computing this integral we find that 


So we have shown that the fundamental domain 2 of T of 
the half-plane Im z > 0 has finite area. 

From this it follows immediately that on G a fundamental 
domain of T also has finite volume. For this fundamental domain 
may be realized as the space of linear elements on 2. 


3. Some Subgroups of the Modular Group. In this subsection 
we investigate some important classes of subgroups of the modular 
group of finite index. 

Let n be a fixed natural number, n > 1. We consider the ring 
Z,, of residue classes modulo n. We denote the residue class of a 
given integer a by a*. 

By T* we denote the group of all unimodular matrices 


a* b* 
x — 
7> (e i) 
with elements from Z,,. 
We have a natural homomorphism 


a b a* 5* 
> (1) 
c d c* d* 
of T into ['*. The kernel T, of this homomorphism is called the 


principal congruence subgroup of degree n. Clearly 1", consists of 
all integral unimodular matrices y that are representable in the form 


yoetny’, 


where e is the unit matrix, and y’ an integral matrix. 
We show that the map (1) is onto the whole group T%, and 
consequently : 
T/r, ~ rs. 


a* b* 


x 
Proof. Let y -(" q* 


a, b, c, d are arbitrarily chosen elements from the corresponding 
residue classes a*, b*, c*, d*. Then we have ad — bc = 1 (mod n), 
that is ad — be = 1 + mn, where m is an integer. Obviously the 
greatest common divisor (c, d) of ¢ and d is prime to n. Therefore we 
can find a g for which ¢ and d + qn are relatively prime. Without 
loss of generality we may assume that (c, d) = 1. 


be any matrix from I¥%, where 
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We consider the matrix 


oo p 
y= 
c d 


Its determinant is ad — be + n(rd — sc) = 1 + n(m — rd — se). 
Since d and c are relatively prime, we can select integers r and s 
such that m — rd — sc = Q, that is, that y becomes a unimodular 
matrix. So we have shown that every matrix y* e r$ has an 
inverse image in P. 

We compute the index I:I% of T, or, what is equivalent, 
the order | T*| of Tš. We show that 


1 
where the product is taken over the distinct prime divisors p of n. 
Let p be a prime divisor of n. Then there exists a unique 
homomorphism Z, — Z,;,. This homomorphism induces a homo- 

morphism of the corresponding groups 
rr — Tř 


We denote by J,,., the kernel of this homomorphism. Then we have 
ITI = Tol IT*/l 


Therefore, if we can find the order 'I, p| of ,,,,, then by an elementary 
induction with respect to the number of prime factors of n we can 
compute the order |{*| of T%. 

Hence, we compute the order of J,,,. Obviously, the group of 
matrices J, „ consists of all matrices y* e T* that are representable 
in the form 


n 
y* =e +z yi 


In other words, the elements of I„ „ are the matrices of the form 


n n 
l +-a -b 
p p 
n n 
-=c 1 + -d 
$ p 


where a, b, c, d are elements of the residue class ring modulo p. By 
hypothesis, the determinant of these matrices is congrucnt to l 
(mod n), that is, 


14-2 (a +d) +% (ad — bc) =- 1 (mod n) 
p p? T ` 
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When we subtract 1 and cancel the factor n/p, we find 
at+d +5 (ad — bo) = 0 (mod $). (3) 


The order of J, is equal to the number of solutions of this 


congruence. We consider the two possible cases: 
1. n/p is divisible by p. In this case (3) assumes the form 


a j- d = 0 (mod p). 


Thus, a, b, ¢ may be arbitrary residue classes modulo p, and the 
element d is uniquely expressed in terms of a. Consequently, the 
order of J, is equal to p’. 

2. The numbers p and n/p are relatively prime. In this case we 
write (3) in the form 


a(t +34) +d —Fbe = 0 (mod f). 


Ifl + rd Æ 0 (mod p), the elements b and ¢ may be arbitrary, and 
a is uniquely expressible in terms of b, c d. Consequently, the 
number of elements of J,,, satisfying the condition 1 -+ 2d Æ 0 is 
equal to p2(p — 1). But if 1 + 3 d =0 (mod $), then the product 
be has a fixed nonzero value, and a is arbitrary. Therefore, the 


number of elements of J,,, satisfying the condition 1 + 7d =0 
(mod p) is equal to (p — 1)p. $ 
Thus, the total number of elements of J,,,, is equal to 


if 
(p ~ De + (pp =P (1 — 5). 
So we have established that 


p iez is divisible by p, 
I, n| = l n 
31 — 2) if - is not divisible by f. 
From the equation |T'*| = |J,, | |1*),| we obtain immediately, by 
induction over the number of prime factors of n, the required formula 
(ret = nti(1 -+). 


where the product is taken over the distinct prime factors p of n. 
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The result we have obtained can be used to compute the area 
v of a fundamental domain on the half-plane Im z > 0 relative to 
the subgroup T}. l 

We make use of the following obvious remarks. Let I” be a 
discrete subgroup of G and I” a subgroup ‘of finite index in I”, 
Then if F’ is a fundamental domain relative to I’, a fundamental 
domain for T” is the union 


F" — U yF' 
y 


of the sets yF’, where y ranges over one representative each from 
every coset T” \ I. 

Hence, it follows that the areas vp and vr- of the fundamental 
domains of the subgroups I” and T” are connected by the relation 


dpe = (I: Top. 


where [I":T"] is the index of T” in I’. 

In 2 we have established that the area of a fundamental domain 
relative to the modular group T is equal to 7?/3. Consequently, on 
the basis of (2) we conclude: the area vr, of a fundamental domain 
relative to the congruence subgroup I”, is equal to 


T 


2 1 
r= 3 neti (1 ->) 


(the product is taken over all prime divisors p of n). 
Now we indicate another class of subgroups of the modular 
group I. We denote by T, the set of matrices of I of the form 


( a "i 
ne df 
where a, b, c, d are integers. It is clear that I’, is a group and that 
T? Ti 
Let us compute the index [': 1, of r, in T. For this purpose 


we note that the factor group T,/ I, is isomorphic to the group of all 
diagonal unimodular matrices 


+ a* 0 
” Elo ae? 
where a* and d * are elements of the residue class ring modulo n. 


Obviously, the number of such matrices is equal to the number 
y(n) of natural numbers x < n that are prime to z, 


p(n) = all(1 -5), 
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where the product is taken over all prime divisors p of n. Gonse- 
quently we have 


[r:r =mn(1 _). 
$ 
rer 1 
: = n = 2 f. 
r:r, Tor, n n(1 +5) 


On the basis of this result we find that the area vr, of a fundamental 
domain relative to I’, is equal to 


T? 1 
“rT, > n't (1 +5) 


But then 





3 


where the product is taken over all prime divisors p of n. 


Finally, we mention the subgroups Î, of the modular group T 
that consist of the matrices of the form 


a nb 

c d? 
where a, b, c, d are integers. By arguments similar to the above we 
can easily verify that 


a 1 
$ 


where, as before, the product is taken over all prime divisors p of n. 


4. Quaternion Groups. In 2 and 3 we have chosen examples 
of arithmetic subgroups of I for which the space X = I'\ G has 
finite volume, but is not compact. In this subsection we construet 
another class of arithmetic subgroups of G—the so-called quarternion 
groups. We shall show that for these groups X = T \ G is compact. 
We construct the quarternion groups with the help of certain 
algebraic notions. 

We begin with the description of a class of algebras over the 
field of rational numbers. 

We consider an algebra A over the field of rational numbers and 
with the basis 1, «, 8, y, where 1 denotes the unit element, and «, ĝ, 
y are connected by the relations 


y = aß = —fBa, a? = a, b? =b (1) 


a and b being positive integers, Thus, every element of A has the 
form 


x = Xo H xx + HB + Xy, (2) 


where Xo, X1, Xa X are rational numbers. 
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If A is a division algebra, it is often called an algebra of 
generalized quarternions or simply a quarternion algebra. We 
adopt this terminology here. 

First of all we show that with every element x of A we can 
associate in a one-to-one fashion a real matrix g, such that 


Ee L By = Erin Say = &28u- (3) 
For we set 


_ ( Xo + x Va xa Vb + vat) 
Ee = (avb —mVab xy Va | 


The verification of the relations (3) is left to the reader. 
The determinant of g, is 


(4) 


x2 — xa — x3b + x§ab. (5) 


The expression (5) is usually called the norm of x and is denoted by 
N(x). Obviously, 


Ny) = NANO) NQ) = 1. 


The role of the norm N (X) is clear from the following theorem. 
If N(x) = 0 for x = 0 only, then A is a division algebra, Conversely, 
if A is a division algebra, then N(x) = 0 for x = 0 only. 
Proof. Suppose that N(x) #0. Then the element 
l 
xi = (xo — x1 — Xab — xay) 


N(x) 





is easily seen to be inverse to x. Conversely, if A is a division algebra, 
then N(x) N (x71) = 1 and hence N(x) 40. 


We give an example of a division algebra. Let b be a prime number and a an 
arbitrary number that is a quadratic nonresidue modulo b (that is, the congruence 
x? — a (mod b) has no solution in integers). We show that then the algebra A 
defined by the relations (1) is a division algebra. 

For otherwise there exists an element x 4 0 of A with the norm 

x — at — bx + abi = 0. (6) 
Without loss of generality we may assume that xp, X1» %2) X3 are integers without 
common divisor. From (6) it follows that x2 = ax? (mod b); consequently, since 
ais a quadratic nonresidue modulo b, the integers xg and x, must be divisible by b. 
But then again it follows from (6) that x2 = ax% (mod b) so that x, and x, are also 


divisible by 6. This contradicts the assumption that the integers x9, *1, Xo, x3 have 
no common divisor. 


Now we pass on to the definition of a quarternion group. Let 
A be a quarternion division algebra. We consider the set I’ of 
matrices g, with determinant l for which xo, Xu X2, Xa are integers. 
T is obviously a group, and we show that I is discrete. 


APPENDIX TO CHAPTER 1 117 


For this purpose it is sufficient to indicate a neighborhood of 
the unit element of the group G of all real unimodular matrices of 
order 2 in which there are no elements of I other than the unit 
element. Such a neighborhood is, for example, the set of matrices of 


the form 
811 S12 
s= ’ 
821 £22 
where 
lu — I < M4, lgl < 1, lgal < y5, G22 — 1| < 4, 


For suppose that this neighborhood contains the matrix g, € I, 
that is, the matrix with the elements 


Zu = % + x,Va, E&i = xa Vb + xa V ab, 
ga. = xa Vb — xV ab, S22 = Yo — xV a, 


where Xo, X1, Xa Xa are integers. From the inequalities it follows that 


lu + 22 — 2| <1, l&i + gal <1, 
that is, _ 
\2x, -21< 1, — |2xeVb] <1. 


Consequently, x» = 1, x, = 0. Next, from the inequalities 
l&u — li < 1, [gil < le 


we find that x, = x = 0. Thus, g, is the unit matrix. 

Now we show that the factor space T \ G is compact. First we 
show that for every matrix g with determinant 1 thcre exists a 
matrix g, with integral x, x1, x2, Xa, but not necessarily with deter- 
minant 1, such that g,g belongs to some fixed compact domain. 

We note that for a fixed matrix g the elements of g,g are linear 
forms l; in xo X1 Xa X3- It is not hard to compute the determinant of 
this system of linear forms: it is equal to 4ab. Consequently, by 
Minkowski’s lemma, f there exist integers x9, x1, %2, Xa, not all zero, 
such that |/,,| < ca, where c; are arbitrarily chosen positive constants 
whose product is equal to 4ad. 

We denote by F the set of real matrices g for which |g;;| < Ciz 
We have shown that for every matrix g with determinant | there 
exists a matrix g} where x is an integral quarternion, such that 
One EF. 


t The statement and proof of the Minkowski’s lemma will be given at the end of 
this Appendix on p. 118. 

The proposition we necd comes out when we apply Minkowski’s lemma to the 
parallelepiped |{;,| < c: i j = 1, 2, in four-dimensional space. 
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The set F need not be compact. However, we shall show 
presently that gg lies, in fact, in a certain compact subset of F. 

We have det (g,g) = det g, = N(x). Now we use the fact that 
A is a division algebra so that det g, = N(x) #0. Furthermore 
since N(x) is an integer, det (g,g) is also an integer, different from 
zero, We denote by Fm, m Æ 0, the set of elements g € F with deter- 
minant m. It is clear that Fm is compact and that for sufficiently 
large |m] the set Fm is empty. By what we have shown, g,g lies in the 
union of the sets Fm, m Æ 0, that is, in a compact set. 

So we have shown that for every unimodular matrix g there 
exists an integral, but not necessarily unimodular, matrix g, such 
that g,g lies in a compact set. 

Let us call integral quarternions x and y equivalent if xy—1 is a quarternion 
integer of norm 1. 

To complete the proof that IF \ G is compact we prove the 
following lemma. 

Lemma. The set of integral quarternions with norm m consists of a 
finite number of classes of equivalent quarternions. 

Proof. With every integral quarternion x (N(x) =m) we 
associate the matrix 4, of order four that expresses the transformation 
y — yx in the basis (1). It is easy to verify that a, is an integral 
matrix with determinant m?. 

It is well known that among integral matrices of order n with 
a given valuc of the determinant A there exists only a finite number 
of matrices a,, ..., @, such that every matrix with determinant A 
is of the form a,«, where « is a unimodular integral matrix.¢ Thus, 
among the matrices a,,(N(x) = m) there exist matrices a, (N(x) = m) 
such that every matrix a,,(N(x) = m) is equal to a,,%, where x is an 
integral unimodular matrix. Since the map x — a, carries the 
product of quarternions into the product of their corresponding 
matrices, we have a == a7'x. From the fact that « is integral it 
follows that the quarternion x;1x is integral. This completes the 


proof. * k 


Minkowskr’s Lemma. Let a lattice in n-dimensional space be given, that is, a set of 
n 

points (h, <--> lnh k = > L, fay where l;; are fixed real numbers and n; ranges over all 
i-l 

integers: it is assumed that the determinant \l;;|? ;.1 = A is different from zero. Then 

+ This follows from the following easily verified statement: Every integral non- 


singular matrix e can be carried by multiplication by a suitable integral unimodular 
matrix « into the following form: 


a, O -> 0 
a a 0 
aa =| %21 42 > 
ani n2 °°" dnn 


where |a,,| < layl forj < i; hj = 1,...,2. 


APPENDIX TO CHAPTER 1 119 





Figure 5. 


every convex centrally-symmetric body with its center at O having a volume v > 2A 
contains at least two points of this lattice (symmetric with respect to the set). 

Proof. Suppose that we have a convex body U with center at O and not 
containing any other points except O. We reduce this body linearly to half its 
size, by applying a similarity transformation with center at O, and denote the 
body so obtained by Uy. Next we construct bodies equal to U, and situated 
parallel to U, around all points of our lattice as centers. We show that the bodies 
so constructed have no common points. 

For let us assume that two such bodies U, and U, with centers, respectively, 
GA and CB and construct the parallelogram CAC’B (Figure 5). Let D be the 
point symmetric to C relative to A. This point belongs to U}, (because A is a 
symmetry center of U4). But then, since U, and Up are equal and parallel, C’ 
must also belong to Up. Since Up is convex, the midpoint E of CC” also lies in 
Up. Similarly we can see that E belongs to U4. So we have shown that if two 
bodics with centers at the lattice points A and B have at least one point in common, 
then the midpoint of AB also is a common point. But this contradicts the 
assumption that the original body U contains no lattice points except its center. 

Since these bodies with centers at the lattice points do not intersect, it is easy 
to see that their volumes are less than the volume A of the fundamental parallele- 
piped of the lattice. But then the volume of the original body U is less than 2"V, 

Thus, if a convex body with center at O contains no lattice points except O, 
its volume is less than 2"A, where A is the volume of the fundamental parallele- 
piped of the lattice. Consequently, if a convex body U with center at O has 
volume V > 27A, then it necessarily contains, apart from O, at least two lattice 
points. 
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In this chapter we study the representations of the group G of 
unimodular matrices of order 2 with clements from a locally compact 
topological field K. The complete classification of all such fields is 
well known (see § 1). 

In §§3 and 4 we construct the irreducible unitary represen- 
tations of G. 

‘The representation operators T (g) are given by their kernels, 
which are generalized functions. The question is: what are the 
functions from which these kernels are formed ? 

Two types of functions on a locally compact field play the 
fundamental role—-additive characters, which are generalizations 
of the exponential function, and multiplicative characters, which are 
generalizations of the power function. 
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An additive character on K is a continuous complex-valued 
function x(x) satisfying the condition 


x(x +y) = x(x)x0) 


for arbitrary elements x and y from K. 

For the field of real numbers these functions have the form 
y(x) = e, where « is a complex number; for the field of complex 
numbers z = x + iy they have the form y(z) = e+, where « 
and f are complex numbers. 

A multiplicative character on K is a continuous complex- 
valued function (x) on K \ 0 satisfying the condition 


a(xy) = m(x)a(y) 


for arbitrary nonzero elements x and y from K. For the field 
of real numbers these functions have the form (x) = !x|* or 
a(x) = |x|? sign x, where « is an arbitrary complex number; 
for the field of complex numbers z = re’? they have the form 
a(z) = rte’, where « is a complex and n a real number. 

The entire stock of functions needed in the theory of represen- 
tations (Gamma-functions, Beta-functions, Bessel functions, the 
hypergeometric function) are formed from additive and multiplica- 
tive characters by rational. transformations of the independent 
variables and by integration with respect to parameters. In 
particular, we shall see in §3 that the kernels of the operators of 
irreducible unitary representations of G can be expressed in terms of 
Bessel functions, or after transition to another basis in the 
representation space, by the hypergeometric function. 

The group G has several series of irreducible unitary represen- 
tations. One of these (the continuous series) is connected with the 
ground field K; each of the remaining (discrete) series is connected 
with a certain quadratic extension of K. Thus, if K is the field of 
complex numbers, there is only one series, because the field of 
complex numbers has no proper algebraic extensions; if K is the 
field of real numbers, there are two series of representations, because 
the field of real numbers has only one quadratic extension, and, if K 
is a disconnected field, then there are four series of representations 
because a disconnected field has three quadratic extensions. t 

Within each serics a representation is given by a certain 
multiplicative character. More accurately, a representation of the 
continuous series is given by a multiplicative character 7 on K, and 


+ Apart from certain special cases when the number of quadratic extensions of K 
is greater than three (see § 1). 
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to the characters m and m~! there correspond equivalent represen- 
tations. A representation of the discrete series corresponding to the 
quadratic extension K( v7) of K is given by a character on the unit 
circle in K(V 7), that is, on the multiplicative group of elements 
t=x + Vry for which ti = x? — ry? = 1. Again, to the char- 
acters m and m~! there correspond equivalent representations. 

So there is complete duality between the irreducible represen- 
tations of G and the Cartan subgroups of G: every irreducible 
representation of G is given by a character on one of the Cartan 
subgroups. 

In the construction of the representations of the discrete series 
the following interesting fact emerges: these representations are 
realized not in the space of all functions on K, but in a space of 
functions that resemble analytic functions. (For a disconnected 
field the concept of a complex-valued analytic function docs not 
exist. Nevertheless there is a natural way of defining the concept 
of a function resembling an analytic function in the upper half-plane, 
see § 2.8.) 

-In §5 we compute the traces (characters) of the irreducible 
representations. We obtain a single formula for them, independent 
of the structure of K. In fact, we shall see that the trace of the 
representation of the continuous series corresponding to the character 
a(t) is expressed by the following formula: 


Tr T,(g) = fsa, 4 At — t — 2) a(e) [tl dt, 
K 


where A, and 4; are the eigenvalues of the matrix g, and d(¢) is 
the Delta-function. 

It is convenient to combine the representations of the discrete 
series corresponding to a quadratic extension K(v7) of K into 
pairs. Then the trace of the sum of the related representations of 
the discrete scries is expressed by the following formula: 


_ sign, (A, + 47 — t — t`?) * 
Tr T,(g) 2 [eo at) dt, 
d= 
The meaning of the notation |é| and sign, ¢ for a disconnected field 
will be explained in § 1. 

In §6 we obtain the Plancherel formula, which gives the 
decomposition of the regular representation of G into representations 
of the continuous and the discrete series. Specifically, when we 
associate with each representation 7,,(g) of these series the operator 


TAN) =| fle Tle) de, 
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where f is a function on G of integrable square, then we have the 
inversion formula 


Fle) = | ut) Tr (TL THQ) dr 


v 


and the Plancherel formula 
furor de = Jala) Tr (TTI) da. 


It will be shown that the “Plancherel measure” u(r) occurring in 
these formulae may be given by the following single formula: 


ulr) = efre |l — t~? dt. 


For representations of the continuous series the integration here 
is taken over K, and, for representations of the discrete series 
corresponding to a quadratic extension K(vV 7) of K, over the unit 
circle tł = x? — qy? = 1. The integral must be understood in the 
sense of the regularizing value. 

This integral can be computed without difficulty when K is the 
field of complex or real numbers. 

For the ficld of complex numbers we find 


ulr) = c(p? + n?), where m(re‘?) = r'fein?, 


For the field of real numbers we have: for representations of the 
continuous series 


ulm) = cp tanh F ; when r(x) = |x!*, 
ula) = cp coth i ; when r(x) = |x|? sign x; 


for representations of the discrete serics 


(m) = c |n], when w(t) = t", i =1. 
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In this section we give an account of essentially well-known 
results on the structure of locally compact fields. Some of the 
results will be only stated. Their detailed proof can be found, for 
example, in [8] and [61]. 


1. Classification of Locally Compact Fields. We discuss only 
topological fields (that is, fields with a nondiscrete topology). t 


+ Hence, the field of rational numbers is excluded from this discussion. 
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Here are the classical examples of locally compact topological 
fields: 

1. The field R of real numbers. 

2. The field C of complex numbers. 

3. The field Q, of p-adic numbers, where p is any prime 
number. Let us recall the definition of the field Q,. 

The elements of Q, are formal power series 


*koo 


x= Dap’, (1) 

i=k 
where k is an integer, and the a; are integers satisfying the condition 
0 <a, <p. Thus, the scries (1) may contain an arbitrary finite 
number of terms with negative integral powers. The sum of the 


00 


two p-adic numbers x = > a,p* and y = > b,p’ is the p-adic number 
i=] 


a ink i= 
z= X aft, m = min (k, l) such that 
È ap + Sap! = È ep (mod pre) (2) 


for every positive integer n. Obviously, the coefficients c; can be 
found successively from the relations (2). The product of p-adic 


numbers is defined in a similar fashion. A neighborhood of a 


p-adic number x = $ a,f’ is the set U,, of p-adic numbers y = 5 bip 
; ~ 


i=k i= 
for which b, = a; fori <n. It is not hard to verify that under this 
topology Q, becomes a locally compact space and that the operations 
of addition and multiplication are continuous in this topology. 


We mention that the field Q, can also be obtained by completing the field 
of rational numbers relative to a suitable topology. 

For let n(r) be the power to which the prime number occurs as a factor in 
the rational number r. We call p” the p-norm of r. A sequence of rational 
numbers is called fundamental if it is fundamental in the sense of the -norm. 

Thus, Q, contains the field of rational numbers as an everywhere dense 
subset. 


4. The field K,(t) of power series over the residue class field 
modulo p (p a prime number). By definition, the elements of K,(¢) 
are power series 


2 . 
x= > a,f", 
i=k 


which may contain a finite number of terms with negative powers of 
t; the coefficients of these series lie in the residue class field modulo 
p. Addition and multiplication of two power series is defined in the 


natural way. A ncighborhood of the power series x = $ a,t‘ is the 
i=k 
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set of power series in which all the coefficients up to a certain fixed 
index coincide with the 4;. 

Now we can give the classification of all locally compact 
nondiscrete fields (theorem of Koval’skii-Pontryagin). 

The field R of real numbers and the field C of complex numbers are the 
only connected locally compact fields. 

Every disconnected locally compact field of characteristic O ts a finite 
extension of the field Q, of p-adic numbers. 

Every locally compact field of characteristic p # O ts a finite extension 
of the field K,(t) of power series over the residue class field modulo p. 

For fields of characteristic p # 0 there is an even stronger result. 
Every locally compact field of characteristic p # O is isomorphic to the field 
of power sertes 


x= ) tito 


Me 


ot 


i= 


whose coefficients belong -to a finite field of characteristic p. The algebraic 
operations and the topology in this field are defined just as in the 
case of K,(t). 


2. The Norm in K. For an arbitrary locally compact field K 
we can introduce the concept of a norm. For this purpose we 
consider a measure dx on K invariant under addition: 


d(x +a) = dx 


for every a from K. Such a measure on K is known to be uniquely 
determined to within a constant factor. 

Let x, be an arbitrary element from K. It is easy to see that the 
measure d,,x = d(xx9) is also invariant under addition, so that it 
differs from dx only by a factor depending on x9, which we denote 
by |xol: 


dx = |xol dx. 


Thus, we have introduced in K a continuous function |x|, 
which obviously has the following properties: 

l. |x| > O for x #0; |0| = 0, 

2. xy] = Ixl [yl 

It can be shown that for a disconnected field K also the 
following property holds: 

3. |x +9] < max (ll, |71). 

We call |x| the norm of x in K. 

Clearly, for the field of real numbers |x| is the absolute value of 
x; for the field of complex numbers |x| is the square of the modulus 
of x. 
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Let us see what values |x|, x 4 0, may assume. For this purpose 

we observe that the map 
x — |x| 

is a continuous homomorphism of the multiplicative group of K into 
the multiplicative group of positive real numbers. From this it follows 
easily that for a connected field ‘x! (x 40) ranges over all positive real 
numbers; but for a disconnected field \x\ (x 0) assumes only the discrete 
set of values q”, where q is a fixed number and n is an integer. 

From the result just stated it follows that in a disconnected field 
K the set of points x for which |x| = c, ¢ > 0, and the set of points 
x for which |x| < c, ¢ > 0, are both open in K. 

It can be shown that the sets of points x of a disconnected field 
K for which |x| < c¢ (when c ranges over the positive numbers) form 
a complete system of neighborhoods of the zero element. Hence, 
the topology in a disconnected field K is completely determined by the norm 
in K. For connected fields the last result is obvious. 


3. The Structure of Disconnected Fields, Using the concept of 
norm we can describe the detailed structure of disconnected fields. 
Let K be a disconnected field with norm |x|. Then the following 
facts hold: 

1, The set O of elements of K for which |x| < 1 is compact and 
open in K. Obviously O is a subring whose clements are called the 
integers of K. 

2. The set of elements x in O for which |x| < 1 forms a prime 
ideal P of O. The residue class ficld # = O/P consists of a finite 
number q of elements, where q is a power of a prime number. 

3. P is a principal ideal, that is, P contains an element p such 
that P = pO. The norm of p is 


Ipl = q, 


where g is the order of the residue class field O/P. 
Here arc some examples: 
1. K is the field of p-adic numbers. Here O consists of the 


elements of the form xa ap? and its prime ideal P of the elements of 
the form nÈ ap". Obviously P is generated by the number p, and 
lp| = 


2. K is the field of power series over the residue class field 
modulo p. Here O consists of the elements of the form È a,t' and 
its prime ideal P of the elements of the form $ ať. Obviously P is 


i=1 


generated by the element ż, and {ft! = p71. 
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3. The multiplicative group of K contains an element £ of 
finite order g — 1 (where q is the order of the residue class field 
OJP). Clearly, |e] = 1, that is, e belongs to O but not to P. The 
elements 0, s, e? ..., %1 =] form a complete set of 
representatives of the residue classes of O/P. 

4. Every element of K has a unique representation as a 
convergent scries 


x = p'(a) + 4P + ap? +°--), a, #0, (1) 
where p is a generating element} of P, n an integer, and the 
coefficient a; may assume the values 0, £, e?,..., ef-1 = 1. 


4. Additive and Multiplicative Characters of K. As an 
algebraic objcct the field K functions on two planes: it is a group 
under addition, and at the same time the set of elements of K other 
than 0 forms a group under multiplication. Henceforth we denote 
by K* the additive group of K, and by K* its multiplicative group. 
The most important functions on K are additive and multiplicative 
characters of K. Later we shall see that on the basis of these 
functions we can construct the theory of group representations, and 
in particular, the theory of special functions. 

An additive character of K is a character of K+, that is, a continuous 
complex-valued function y(x) satisfying the conditions: 

1. y(x +y) = x(*)xz(y) for arbitrary elements x and y from K. 

2. iz) = 1. 

A multiplicative character of K is a character of its multiplicative 
group K*, that is, a continuous complex-valued function (x) on 
K satisfying the conditions: 

1. a(xy) = a(x)a(y) for arbitrary elements x and y from K*. 

2. |r(x)| = 1. 

The additive and multiplicative characters themselves constitute 
topological groups, which we shall now describe. 

The group of additive characters of a locally compact topological field}, 
K is isomorphic to its additive group K+. This isomorphism is realized as 
follows. Let x(x) #1 be a fixed nontrivial additive character. 
Then it can be shown that every character on K+ is of the form 





u(x) = x(ux), 


t Thus, p = p for the field Q, of p-adic numbers; for the field K,(?) of power 
series over a finite field we have p = ¢ (sec the examples above). 

We emphasize that for Q, the representation (I) is not equivalent to the usual 
representation of a p-adic number in the form of a series (see § 1.1). There the coefficients 
a; were integers, 0 < a; < p; here, they are p-adic integers such that cither apt = l, 
or a; = 0. 

+ If K is a discrete ficld, then the group of additive characters is compact, and 
therefore not isomorphic to Kt. 


128 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


where u is an element of K. The correspondence u — x,,(x) gives 
the required isomorphism of K+ with its character group. 

We mention that for the field Q, of p-adic numbers every 
character y(ux) can be written in explicit form 


x (ux) = e2tiue, 


The expression è"? has the following meaning. Since e7* = | 
for every integer n, the integral part of the p-adic number ux in the 
exponent on the right can be ignored. However, for extensions of 
Q, such an expression for the characters is not available. 

Now we proceed to a description of the multiplicative group 
K* of K and its character group. 

In accordance with § 1.3 (Proposition 4) we write every element 
of the field in the form 


x = pre*(l + ap + ap? t:i), (1) 
where p is a generating element of the prime ideal P (in the ring of 
integers O), and the a, take the values 0 or s’ (e71 = 1). The 
elements p” form an infinite cyclic subgroup of K*, and the elements 
e* a finite subgroup of order q — 1. It is clear that the elements 
1 + ap + ap? +--+ also form a subgroup of K*, and this is 
compact. Note that this subgroup can be described succinctly in 
terms of the norm: its elements are precisely those elements of K 
for which |x — 1| < 1. 

Thus, the multiplicative group K* of K is a direct product 


K* =ZxZ,,:A 


of three groups: the infinite cyclic group Z of the elements p”, the finite cyclic 
group Z,_, of order q — 1 of the elements e", and the compact group A of the 
elements x for which |x — 1\ < 1. 

From this we can deduce the structure of the group multi- 
plicative characters of K. The group of multiplicative characters of K 
is a direct product of three groups: the group of rotations of a circle, a cyclic 
group of order q — \, and a certain infinite discrete group (the group dual to 
A). Thus, every multiplicative character a(x) is given by three 
quantities: a real number p, which is determined modulo 1; an 
integer x, which is determined modulo q — 1; and a character 0(a) 
of A. It is expressed by the following formula: if 


x = pteka, (2) 
where a belongs to A, then 


a(x) = g2tinpg2ai akita- 0 (a). (3) 


In what follows we also consider nonunitary characters r(x), 
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that is, continuous functions satisfying only the condition 


a(xy) = m(x)7(y). 


It is easy to verify that every such character (x), as before, is 
given by (3), in which p may now be an arbitrary complex number. 


5. The Structure of the Subgroup 4. The functions exp x and In x. 
Here we consider a disconnected field K of characteristic 0. Our aim is to study 
in detail the structure of the multiplicative group A of the elcments x for which 
|e — 1! <1. We show that under certain additional restrictions on K this 
subgroup is isomorphic to the additive group P of elements x for which |x| < 1. 

The isomorphism A œ P is established by means of the functions exp x and 
In x, which we define via the sums of the power series: 


. x2 
expx = 14+ %*%-> 


Sap tees 


x2 
ln (1 +x) =x -o+.... 
n(l >x) =x 7 + 


First we find out for what x these series are convergent. 

Note that K is a finite extension of the field Q, of p-adic numbers. The 
prime p is uniquely determined by K: it is the only prime number for which 
|p| < l; the norms of all other prime numbers are equal to 1. 

The series for exp x converges if and only if |x| < |p}. 

To prove this we begin by estimating |n!]. Let p* <n < p*+1. Then it is 
easy to verify that the power to which p occurs as a factor in n! ist 


Bll 


jal] = [pE P1: + etin/ pl 


and therefore, (1) 
Jnl! > prr, 


Consequently, 


Suppose now that |x| < |p[/(?-) that is, |x| = Jp] 1H), where € > 0. Then 
we find on the basis of the estimate for |n!| 


t 


< [plete (20), (2) 





The convergence of the series exp x for |x| < |p{!/(?-)) follows immediately 
from this. É 
On the other hand, let !x] > 'p!Y =), Then for n = p* we have 


Int] = (p727 0, 
therefore, 


E kád - 
K > |pl? Hp) 
Kéi 


From this estimate it is clear that for [x| > |p| (7-0 the series exp x diverges. 
Let x belong to the domain of convergence of exp x, that is, |x| < | p” @-v, 


t The symbol [a] denotes the integral part of a. 
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Then 
Jexp x — 1 — x| < |al. (3) 

For from (2) we have, since n > p*, 
x”| 


< |x| jojin 





n| 
- < |x| for n > 2. Hence, (3) follows immediately. 


The series for In (1 + x) converges if and only if |x| < L. 

IfI1 - 9] < |p, then |In y] — 11 — yl- 

We leave the verification of these statements to the reader. 

It is easy to show that the functions exp x and In x have the usual properties: 
exp (x, + %_) = expx, expx, In (x142) = Inx, — In x, (provided that the clements 
x, and x lie in the domain of definition of the corresponding function). 

The function y = exp x effects an isomorphic map of the additive group B of elements 
for which |x| <|pl/"-) onto the multiplicative group A; of elements y for which 
{1 —»| < |b =Y. The inverse isomorphism is given by the function x = In y. 

For let x€ B. Then the series y = exp x converges for x. From (3) it follows 
that |exp x -- 1| = |x| so that |I — y| < 1. But then the series In y = In (cxp x) 
converges. By formal operations on series we verify that 





Consequently, 


In (exp x) =x (4) 
for every x of B. 
Conversely, let y@A,. Then the series x =lny converges, and 
|In »| = [1 y|; consequently, the series exp x = exp (ln y) also converges. By 
formal operations on series we verify that 


exp (Iny) =» 
for every y in Aj. 

From (4) and (5) it follows that the function y = exp x effects a one-to-one 
map of B onto A,. The fact that this is an isomorphism follows from the relation 
exp (x, + x) = exp 1 Exp Xp. 

Now let us find out under what conditions the subgroup 4, coincides with 
the multiplicative group A of all elements x of the field for which |1 — x| < 1. 

Let O be the ring of integers of K, P the maximal ideal in O, p a generating 
element of P, and g~} = |p| its norm. 

Clearly, A consists of precisely those elements x for which |1 — x] <q}, 
where the equality sign may hold. 

Consequently, the condition that A = A, can be expressed in the form 


1 
qh < pla. (6) 
Let [p] = g~&-”). This means that p belongs to P%-1, but not to P. Then (6) 
s— 


can be rewritten in the form q7! < g?-!, From this we obtain the condition on s$: 
s<p. 

We state the final result. Let K be a disconnected field of characteristic zero, O the 
subring of integers of K, P the maximal ideal in O, p the characteristic of the residue class 
field O/P. We assume that p does not belong to P?—1, Then the multiplicative group A 
of elements x of the field for which |1 — x| < 1 is isomorphic to the additive group P of 
elements y for which |v] < 1. The isomorphism is effected by the function y = ln x. 

In general this statement is not true: A may contain elements of finite order 
p”; then it is not isomorphic to any of the subgroups of the additive group P 
(because all elements of P are of infinite order). 
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6. Quadratic Extensions of a Disconnected Field. Let + be an 
clement of K that is not a square of another element of the field. 
By adjoining to K the square root Vr, we obtain a quadratic 
extension K(Vr) of K. The elements of K(V7) have the form 
z =x + Vry, where x and y belong to K. Addition and multiplica- 
tion of such clements proceed in the usual way. Let us find out how 
many distinct quadratic extensions a disconnected field K has. 

Obviously, two quadratic extensions K(x) and K(Vy) of K 
coincide if and only if the quotient xy—} is a square in K. In other 
words, there are as many quadratic extensions of K as there are 
nontrivial cosets of the multiplicative group K* with respect to the 
subgroup of all squares (K*)?. 

We determine the index K*:(K*)?, From § 1.4 we know that 
K* is a direct product 


K* = Z x Zıx 
of an infinite cyclic group Z, a finite cyclic group Z,... of order 


q — 1, and the subgroup A of the element x in K for which 
jx — l| < 1. Therefore, 
K*:(K*)? = (Z: Z?) x (Z1: Z2) x (4:4?), 

where Z?, Z?_,, A? are the subgroups consisting of the squares of the 
elements of the corresponding groups. 

We now assume that q is an odd number, so that the residue class field 
OJP is of characteristic p #2. In this case Z,_, is a cyclic group of 
even order, and Z,..,:Z?_, = 2. Also Z:Z* = 2. 

We show, finally, that A = A?, that is, that the equation 
x? = a has a solution in A for every a e A. For let 


a = l1 + ap + 4p? -+. 


We are looking for a solution x of the equation x? = a in the form 
of a series x = l + xp + xap? +..., where x, =0 or x; = £” 
(e an element of O* of order q — 1). The equation x? = a reduces 
to a system of congruences 


2x, =a (mod P), 2x, + (2x, + x2)p = a, + agp (mod P?) 


and so forth. Clearly, under the assumption made on g, Xi, %2,... 
can be found successively from these congruences. 

So we obtain: if the characteristic of the residue class field OJP is 
different from 2, then the squares of the elements x + 0 of K form a subgroup 
of index 4 of the multiplicative group of K. There are then three distinct 
quadratic extensions of K. Clearly, these quadratic extensions are K(V»), 
K(Vep), and K(Ve).t 


+ Observe that the cases 7 = ep and r = p are not distinct, because the element 
ep may play the role of p. 
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This result is not true when the characteristic of O/P is 2. For 
example, if K is of characteristic 2, then 4:A? = œ. 


7, The Multiplicative Characters sign, x. Let K be a locally 
compact disconnected ficld. We assume, as before, that the finite 
residue class field O/P associated with it is not of characteristic 2. 
In this subsection we associate with every quadratic extension 
K(v 7) of K a certain multiplicative character sign, x assuming the 
values +1 on K. 

Suppose then that K(V7) is a quadratic extension of K. We 
consider the product 

ZZ = x? — ry? 


of the element z =x + Vry from K(V7) by its conjugatet 
Z=x— Vr J. 

The sct of elements zz, z Æ 0, forms a subgroup K* of the 
multiplicative group K*; and K* obviously contains (K*)?. 

Let us show that the index K*:K* is 2. 

It is enough to verify that K*¥ = K* and K* + (K*)?. Our 
assertion then follows immediately from the fact that K*:(K*)? = 4 
(see § 1.6). 

We begin by showing that K*¥ + (K*)?. For if + =p or 
7 = ep, then —7 is not a squarc of an element from K*, but belongs 
to K*. Now let 7 = e. It can be shown that there exists integers x 
and y such that x? — ey? = e(mod P)} It is obvious that then 
x? — ey? is not a square, but belongs to K*. Hence Kf + (K*)?. 
Now we show that K* + K*. For in the case r = p or r = ep the 
element s does not belong to K*. But for r = e the subgroup Kf 
cannot contain p (otherwise we have a congruence x? — ey? = 0 
(mod P) for certain x 4 0 (mod P) and y Æ 0 (mod P), which is 
impossible). 

Hence K* + (K*)?, K* 4 K*, and K*: K* = 2. 

Now we introduce the function sign, x on K*. We set 


sign, x = 1, 
when x ¢K*, that is, when x is representable in the form 


x = x? — rx and 
sign, x = —l, 


when x is not so representable. 


+ The expression zZ is often called the norm of z relative to K. 

+ This results from the following theorem. Let F be a finite ficld, and ¢ an element of 
the field that is not a square; then every element x of the field can be represented in the 
form x = x? — ex?, where x,, Xz E F (see [42]). 
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From the fact that K* is a subgroup of index 2 in K* it follows 
immediately that sign, x zs a character on K*, that is, 


sign, (xy) = sign, x - sign, y 
for arbitrary x and y of K*. 

We call elements x of K positive or negative (it would be more 
accurate to say r-positive or r-negative) according to the sign of 
sign, x. 

It can be shown that the functions sign, x, where r = p, Ep, £, 


are independent. Therefore, together with a(x) =1 they form 
a complete system of characters on the factor group K*/(K*)?. 


8. Circles in K(V7). Let K(r) be a quadratic extension of 
a disconnected field K. The set of elements z of K(V‘z) that satisfy 
the equation 
z=, c #0, 


is called a circle in K(Vr) (with center at 0). 

Observe that in contrast to the field of real numbers there are 
two types of circles: circles of “real” radius for which ¢ is a square 
of an element of K, and circles of “imaginary” radius for which ¢ 
is not a square. 

A special role is played by the circle 


ZZ = x? — ry? = 


whose elements form a group under multiplication and which we 
denote by C,. 
We now give a parametric equation for the circle 


x? — ry? =l. 


2 =4 From the equation of the 
x-+l 





We use the parameter 
circle it follows that 
x-i y? 


= =— 2 
TT TES 


x41 œ+ 





hence, 
1 + rt? 2t 
= Toye PT EN Sr e 





Thus, the circle x? — ry? = 1 is given by the following parametric 
representation ; 
1 + rt? 2t 


= ae ITITI’ 


(1) 


Next we show that all circles are compact. 
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It is sufficient to consider the unit circle, because every other 
circle consists of the points w = az, where z ranges over zZ = l. 
Obviously the set of points of the circle zZ = 1 is closed. On the 
other hand, from the parametric equations (1) it follows that 
|x} <1, |J] < l; consequently, the set of points of the circle lies 
in a bounded domain and is therefore compact. 


“Let us study the detailed structure of the group C, of elements z, 
zz = x? — ry? = 1. To begin with, let + = p or r = ep. In this case we have 
[x2] = 1, |2y?| < 1. Consequently, |1 — x?| < 1, and therefore either |1 - x|< 1 
or |1 +x} < 1. Hence we conclude: for 7 = p or r = ep the group C, is the 
direct product 

C, = Z, x C; 


of a cyclic group of order 2, Z, = {1, —1}, and the subgroup C; of elements of 
C, for which |z — 1] < 1. 

Now we take the case 7 = e. The elements of the circle zz = 1 may be 
written in the form of a serics 


z = (ay + V ebo) [l + (q + V eb,)p + (ag ! V eb,)p? +b 


where a; and b; take the values 0 and e*,k = 0, 1,..., q — l. From zz = 1 it 
follows that 
az — eb? = 1 (mod P). 


It can be shown that this congruence has q :- | solutions, where q is the 
order of the residue class field O/P. 

We conclude: let C} be the subgroup of C, that consists of the elements z for which 
|z —1| <1; then the index of C; in C, isq +1. 


9. Cartesian and Polar Coordinates in K( V7). Every element 
of K(vV7) has a unique representation in the form 


z =x; VTI, 


where x,y eK. Hence, it is given by a pair of elements x and y from 
K, which we call the Cartesian coordinates of z. 

Now we introduce polar coordinates of z. Let zž = c. Then 
two cases are possible: either ¢ is a square of an element of K, or it 
is not a square. 

First, let ¢ = 72, r eK. Then we define the polar coordinates of 
z as a pair: the element p = 7¢K and the element ¢ = p 72, 
which belongs to the circle t? = 1. Clearly the point z is uniquely 
determined by its polar coordinates. 


+ We define the norm |z! on K(V 7) relative to the norm |x| on K by the following 
formula: |z| = !zz|’. 

+ This follows from a theorem on finite fields: the equation x? — wy? = 1, where 
w is not a square has q + | solutions in the finite field of order g. (The theorem then 
follows immediately from the parametric cquations of the circle.) 
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Observe that p is determined to within its sign. Consequently, 
(—p, —t) can equally well be regarded as the polar coordinates of z. 
Thus, the polar coordinates of z are determined to within a sign. 

Now we take the case when ¢ is not a square. In K(Vr) we 
fix an arbitrary element v such that v# is not a square in K. Then 
c can be represented in the form ¢ = (vr) (fr), where r e K. We now 
define the polar coordinates of z as the pair of elements p = yr and 
t = »~1z, of which the latter is again a point of the unit circle. As 
in the first case, we have 


(p, t) = (—p, —t). 


10. Invariant Measures on K and Its Quadratic Extension 
K(Vr). There are two invariant measures on K: a measure dx, 
invariant under addition (d(x + a) = dx), and a measure d*x, 
invariant under multiplication (d*(xa) = d*x). These measures 
are very simply connected: 


d*x = |x|} dx. (1) 
For by definition of |x|, we have d(xa) = !a| dx. Consequently, 
|xa|-1 d(xa) = |x|} dx, so that the measure |x|~1 dx is invariant 
under multiplication. 
We always normalize dx by the following condition: 


dx = 1, 


lzj<1 


We now consider the measures dz and d*z, z = x + Vry, on 
K(vVr) that are invariant under addition and multiplication, 
respectively. Expressing these measures in terms of the Cartesian 
coordinates x and y of z we find 


dz = dx dy, d*z = 


Next we express the measures dz and d*z in terms of the polar 
coordinates (p, t) of z. We recall that the coordinate p is determined 
to within its sign from the equation pp = zZ, and that the second 
coordinate £ = p~1z.is a point on the circle t = 1. 

Since the circle t = 1 is a group under multiplication, there is 
an invariant measure d*¢ on it, and we normalize the measure by 
the condition 


d*t = 1. 
ti=1 


It is easy to check that in polar coordinates the measures dz 
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and d*z are expressed by the following formulae: 
d(zZ) d*t 
mic 


rT La 2? 


— * ke 
dz = a,d(zz) d*t, d*z zz 


where d(zZ) is the measure on K and a, = 2(1 + g-1)(1 + |r[)~*. 


11. Additive and Multiplicative Characters on the “Plane” 
K(v 7). The additive group of K(vV7) is the direct sum of two 
groups isomorphic to the additive group of K. From this it follows 
that every additive character y(z), z = x + V7, of K(Vr) is of 
the form 

4(z) = al) X), (1) 
where y, and y, are additive characters on K. 

Now we proceed to a description of the multiplicative characters 
on K(V T). 

For this purpose we study in detail the multiplicative group of 
K(V 7). In accordance with § 1.8 we represent every element of the 
field in the form z = rt or z = vrt, where r e K, ti = 1, and visa 
fixed element from K( V7) for which v7 is not a square of an element 
from K. 

Let 7(z) be a multiplicative character on K(V7). We denote 
by 7, and 7, its restrictions to K and to the circle ¢# = 1, respectively. 
Then we have 


m(rt) = (7) m(t). (2) 
From the equation rt = (—r)(—£) we obtain a condition connecting 
aw, and mg: 

m™(—1) = 7,(—1). (3) 


Furthermore, since vi = rą € K, we have v? = rot, where tolo = 1. 
Consequently, (v2) = 71(ro)79(to), that is, 


1*(v) = m (vim (2). (4) 


Suppose, conversely, that 7, and 7, are arbitrary multiplicative 
characters on K and on ti = 1, respectively, and connected by (3). 
We define 7(¥) so that (4) is satisfied and then give the function 7(z) 


on K(V 7) by the following formulae: 
a(rt) = m (r) m(t), (5) 
a(vrt) = n(v)a(rt). (6) 


Obviously, this function is a multiplicative character on K( Vt). 
Thus, a multiplicative character of K(./;) is given by its values on the 
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ground field K and on the circle tf = 1 and its value at a fixed point v such 
that yi is not a square in K.t These values are linked by the relations 
(3) and (4). 


§2. TEST AND GENERALIZED FUNCTIONS ON A 
LOCALLY COMPACT DISCONNECTED FIELD K 


In this section we discuss certain problems of analysis on a 
locally compact disconnected topological field K. 


1. The Space of Test Functions. Let K be a locally compact 
disconnected field. We recall that K contains a decreasing sequence 
of subrings 

PdP*5---3P"3--- 


(where P is the maximal ideal of the ring of integers in K) that are 
open compact sets and form a complete system of neighborhoods of 
zero. 

We wish to lay down a set of sufficiently well-behaved functions 
on K. For this purpose we consider the set $ of all complex-valued 
functions f(x) on K that satisfy the following two requirements: 

1. The function f(x) is finite, that is, equal to 0 outside some 
compact open set. 

2. There exists a positive integer n (depending on f(x)) such 
that f(x) is constant on the cosets K/P”. 

From 2. it follows automatically that f(x) is a continuous 
function on K. Clearly, the set $ of these functions f(x) forms a 
linear space. We now introduce a topology in S. 

We say that a sequence of functions f;,(x) tends to zero if: 

1. The functions f,(x) are zero outside some fixed compact set 
(independent of 7). 

2. There exists a positive integer n such that all the functions 
f(x) are constant on the cosets K/P". , 

3. The sequence f;(x) tends to zero uniformly in x, as 1 —> œ. 

It is easy to verify that with this topology S becomes a complete linear 
space, which we call the space of test functions. A generalized function 
(x) is a continuous functional (p, f) on S. 

By analogy with S we can also define the space $, of functions 
f(X ...,%,) ofn variables from K. 


+ Observe that the value of the character z at the point v is determined to within its 
sign, in accordance with (4), by its values on K and on the circle ¢7 = 1. 
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2. Generalized Functions Concentrated at a Point. As usual, 
we define the generalized function 6(x) by the following formula: 


(d(x), f(x)) =f(0). 
It is not hard to see that every generalized function concentrated at x — 0 
is, to within a factor, the function 6(x). 
This follows immediately from the fact that every test function 
f(x) eS is constant in a neighborhood of x = 0. 
Of course, this statement is also truc for generalized functions 
of n variables. 


3. Homogeneous Generalized Functions. Let 7(x) be a multi- 
plicative character on K, that is, 


m(xy) = (x) 7 (9) 
for arbitrary x and y from K (we do not require that |7(x)! = 1). 


We call a generalized function g(x) homogeneous of degree m if for every 
function f € S and £ 4 0 we have 


(yf (tx) = mE) lel (pf (*)). (1) 


Our task is to describe all the homogeneous generalized func- 
tions. According to § 1.4 the multiplicative character m(x) can be 
represented in the form 


m(x) = |x|*-1 A(x), (2) 


where s is a complex number, and 6(x) is another character on K 
such that 


|6(x)| = 1, (3) 

o(p) = 1. (4) 

By (4), 6 is given by its values on the compact subgroup of 
elements x of norm |x| = 1. Consequently, the set of these characters 


6 is discrete. 
With the character (x) we associate a generalized function 
a(x) defined by the formula 


ELSO) = [rte fle) d = fiat S) de. (8) 


For Res > 0 this integral converges in the usual sense and is an 
analytic function of s. For Res <0 we define it by means of 
analytic continuation. 
It is not difficult to sce that m(x) is a homogeneous generalized 
function of degree n, provided s is a nonsingular point of the integral (5). 
We show now that the only singularity of the generalized function 
a(x) = |x|*-10(x), regarded as a function of the discrete argument 0 and 
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as an analytic function of s, is the point 0 = 1, s = 0. At this point w(x), 





as a function of s, has a simple pole with the residue 4 mn : ô(x). 


Proof. Without loss of generality we may assume that f(x) is 
concentrated in the domain |x| < 1. We rewrite the expression (5) 
in the form 


(wf) = S A AO a ASO f pal (2) de- 
lal <1 lz| <1 
The first integral converges for arbitrary s, because the function 
F(x) —f(0) is equal to 0 in the neighborhood of x = 0. Therefore 
we examine the second integral. We split it into the sum of the 
integrals 


Í |x|" 2 6(x) dx = $ g=» | (x) dx. 
tel <1 a Izla 


If (x) Æ 1, then f (x) dx = 0 for every k. Thus we are left with 


|al=qu 


the case 6(x) = 1, that is, we are led to compute the integral 


wo 
fen dx = > g= dx. 

k-0 k 
lal <1 lal=07 


We recall that the measure dx is normalized so that 





dx = l. 
lel <1 
It follows that 
f a= [ae =. 
Izl <a lvl <1 
Consequently, 
dx = dx — dx = q-*(1 — q7’). 
\zl=q-* lel <a} jal <qF-? 
Thus, ‘ 
foo) 1 — q7! 
3—1 — =1) q: = 
jx]! dx = (1 — q RX Tog 


la] <1 


So we see that the only singularity of this expression is a simple 
pole at s = 0, and here 
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Thus 
Res (Ixl"-4,,f(2)) = Z f0), 
s=0 qlng 
that is, 
q—l 
Res |x}! = —— 4(x). 
o qing (*) 


This proves the assertion. We formulate the final result. 

To every multiplicative character a(x), except m(x) = |x|! there 
corresponds a homogeneous generalized function n(x) of degree n, defined by 
(5). Obviously the function 6(x) is homogeneous of degree mo. 

We show now that other homogeneous generalized functions do not 
exist. 

Let p(x) be a homogeneous generalized function of degree r, 
a(x) Æ \x|1. It is not difficult to check that for functions f(x) that 
are zero in a neighborhood of x = 0 we have 


(pf) = c(m, f), 


where ¢ is some constant. Consequently, the function g(x) — cr(x) 
is concentrated at x = 0, and so g(x) — cr(x) = c ô(x). But the 
functions g(x) — cr(x) and 6(x) have different degrees of homo- 
geneity. Consequently, c, = 0, that is, p(x) = c7(x). 

Now let (x) be a homogeneous generalized function of degree 
To T(x) = |x|-1. We show that p(x) is concentrated at x = 0 and 
therefore that g(x) = 6(x). For suppose that (x) is not concen- 
trated at x= 0. Then we can easily show that 


(mf) = efika) de, 6 #0, 


for every function f that is zero in a neighborhood of 0. We introduce 
the generalized function 9,: 


(orf) =e f KEG AO de +e f orf) de. 6) 


leis1 |el>1 


For every function f that is equal to zero in a neighborhood of x = 0 
we have (9,f) = (pẹ f). Consequently, the function y — 9, is 
supported at x = 0, and so gy — pı =c d(x). But the functions 
g(x) and d(x) are homogeneous of one and the same degree 7. 
Hence p, must also be homogeneous. However, as is easily verified 
from (6), ¢, is not homogeneous. This contradiction shows that 
6(x) is the only homogeneous function of degree ro, (x) = |x|~*. 
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4. The Fourier Transform of Test Functions. Let y(x) 4 1 be 
an additive character on K. We define the Fourier transform of 
J (x) by the formula 


fa) = Í y(ux) f(x) dx. (1) 


The Fourier transform is defined for every function f (x) of integrable 
square modulus; the integral (1) must then be understood in the 
sense of the mean square value. It is known that f(x) is expressed in 
terms of its Fourier transform by the formula 


SO) = ef (uj) du. (2) 


where ¢ is a positive constant dependent on the choice of the character 
y. Moreover, the Plancherel formula holds: 


JIS ds = e fI du. (3) 


Let us find out how the constant ¢ depends on the choice of 
the character y. From the continuity of y it follows that y(x) = 1 
on the subgroup p*O for sufficiently large k, where O is the subgroup 
of elements x of norm |x| < 1. We define the rank of the character y 
as the least integer n such that y(x) =1 on p”O. Clearly, if x 
is of rank n, then the character y'(x) = (p*x) is of rank z — k. 

We show that the constant ¢ in the inversion formula (2) and 
the Plancherel formula (3) can be expressed in terms of the rank 
of y as follows: 


c =q", (4) 
with q7! = |p|. For this purpose we denote by y the characteristic 
- function of O and compute its Fourier transform. We find 
alu) = f pa)xlur) de = f y(us) dx- 
K o 


We represent the element u in the form p*v, |v| = 1. T hen 


lu) = f alpro) dx = ipi f x0) & (5) 
o ro 
Suppose that the rank of y is n. For k > n the function under 
the integral sign in (5) is equal to 1, and we obtain 


pu) = W fay = fax = 1. 


vo o 


142 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


But if k < n, then x is a nontrivial character on p*O; and therefore, 
the integral is equal to 0. 
This result can be written as follows: 


. 1, when |u| <97”, 
Gu) = (6) 
0, when |u| > q-*, 
that is, ~ is the characteristic function of p*0O. 

Substituting y and # in the Plancherel formula we obtain the 
required equation (4). In particular, if the rank of x is zero, then 
c=1. 

Henceforth we always assume that the character g in the 
definition of the Fourier transform is of rank 1 so that 


c=l. 


First, we discuss the Fourier transforms of the test functions. 

The Fourier transform of a function f € S is also a function tn S. 

Proof. Let f(x) be a function in S. This means that: 

1. There is an m such that f(x) = 0 for |x| > q”. 

2. There is an n such that for every ¢ of norm |é| < q7” we 
have f(x + t) = f(x). 


Consider the Fourier transform of f(x): 


Hu) = | alu) f(x) dx (7) 


First let us show that f(u) is a finite function. For this purpose 
we replace x by x -+ t under the integral, where |t| < g7”. By 2. we 
obtain 


Fw) = alut) | (us) fe) ds, 
that is, 
Flu) = x(ut)f(u). (8) 


If |u| > q”, then |ué| > 1 and hence y(ut) #1. But then it follows 
from (8) that f(u) = 0 when 'u| >g”. This shows that f(u) isa 
finite function. 

Next, we show that f(u) satisfies condition 2. 

Since f(x) = 0 for |x| > q”, we have 


Flu) = Í gux) f(x) de. 
lzi Sa” 


Consequently, for |t| < q7™ we find 


futi = È xltx)y(ux) f(x) de =l), 


i m 
FET 
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because (tx) = 1. Hence f(u) satisfies condition 2, and the 
proposition is proved. 
Note that f(x) = f(—x). Hence it follows immediately that: 


The Fourier transform effects a one-to-one map of the space S of test 
functions onto itself. 


Now we give a definition of the Fourier transform of a 
generalized function. As a basis for this definition we use the 
Plancherel formula 


[ota FO ax = | oF) du, (9) 


which holds for arbitrary test functions f and g. It is not difficult 
to see that the function f(u) is the Fourier transform of f(—x). 
Thus, if in (9) we replace f(x) by f(—x), we obtain 


[Wos de = f oF) du. (10) 


The equation (1) means that the function ¢(u), regarded as a 
functional, satisfies the following relation: 


(PT) = (e,f(—#)). (11) 
We take this relation as the definition of the Fourier transform of the 
generalized functions g(x). Thus, the Fourier transform of the 
generalized function (x) is the generalized function @(u) defined by (11). 








5. The Fourier Transform of Homogeneous Generalized 
Functions. The Gamma-Function and Beta-Function. From the 
definition of the Fourier transform we deduce immediately that 


~ —_—~ 

1 = d(x), é(x) = 1. (1) 
Now we show that the Fourter transform of a homogeneous generalized 
function of degree n is homogeneous of degree 17-1151, where mo(x) = |x|. 


For let g be a homogeneous function of degree m. This means 
that for every t 4 0 from K we have 


(p, f(t-1x)) = wao(t) (o,f (*)), 
moli) = |tl(amo(t) = a(t) molt). 


Now we observe that when f,(x) = lti f (tx), then f(u) = f (itu). 
Consequently, 


O (BFU) = (p, F) = Alo, F —)), 
that is, 
(g, f u)) = Hi) (8, f (u)). 


4 


where 


144 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


This equation means that ¢ is a homogeneous function of degree 
mo lrg 
Thus, the Fourier transform of the homogeneous generalized 
function 7(x) |x|~ is, to within a factor, the homogeneous generalized ~ 
function m~!(u). We denote the factor arising here by T(r) and 
call it the Gamma-function. So we have 
m 


m(x) lx]? = P(n)a-¥(u). (2) 
Let us find an integral representation of P(7). For this purpose we 


. — . . 
write r(x) |x|-1! in the form of an integral 


V(r) a-1(u) = f x(us)n(s) |x]-2 dx. 
By taking u = 1 we find 
D(a) = | x(a) (a) Lal a (3) 


Clearly, this expression is reminiscent of the formula for the classical 
Gamma-function, t 

We can give a meaning to the intcgral (3) by writing it as the 
sum of the two integrals 


T(r) = i yl) a(x) |x|} dx -+ f x(x) a(x) |x|! dx. 
[21<1 Ja|>1 

Each of these integrals converges in a certain domain of values of 7 

and is in this domain an analytic function of m. By analytic 

continuation we define these integrals for arbitrary r. 

By splitting the integrals (3) into a sum of integrals over 
domains |x| = const we find, after a suitable change of variables, 
the following expression for the function T(r) (expansion in a Fourier 
series) : 


— k 
Pla) = È mle’) f alpa) de (4) 
ļz|=1 

t We mention that in the case of the field of real numbers the Gamma-function we 
have introduced does not coincide with the classical one, but differs from it by a factor, 
For example, if m(x) = |x|’, then 

+00 
T(r) = fete dx == 2 cos T(s). 
-o 

where IT (s) is the classical Gamma-function. Similarly, for r(x) = |x|*sign x we have 
T(r) = 2i sin T(s). 
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The following properties of the Gamma-function are immediate 
consequences of the definition: 

1. The only singular point of T(r) is 7 = 1. 

2. The only zero of I'(7) is a(x) = |x]. 

3. T(r) T(r) = a(—1). (5) 


To obtain (5) we apply the Fourier transform to both sides of (2). 
Note that the formula (5) is reminiscent of the relation (for 
the classical Gamma-function) connecting T(t) and (1 — £). 
Now we give a definition of the Beta-function. 
The Beta-function of the multiplicative characters 7, and 7, 
of K is the following expression: 


B(T, ma) = fmc) x|} ma(l — x|? dx. (6) 


The integral diverges and must be understood in the following sense. 
We split (6) into two integrals: 


Bry m) = È m(x) Ixl- ma(1 — 2) IL — alt dy 
lel<t 
+ Í m(x) x1 m1 — x) |1 — x| dx. 
fal>1 

Each of these integrals converges in a certain domain of the characters 
m, and 7, and is, in this domain, an analytic function of m, and ra. 
By analytic continuation we define these integrals for all m, and 73, 
In this way we define B(a,, 72) as an analytic function of 7, and 7». 

It is easy to show that the function B(7, ma) has the following 
expression in terms of the Gamma-function 


T(r) T (72) 
T òm) ` 7) 


The derivation of this formula proceeds just as for the classical 
Beta- and Gamma-functions. 


Bim, To) = 


6. Additional Information on the Gamma-Function. We recall 
that the multiplicative group K* of a disconnected topological field 
K is the direct product of the infinite cyclic group generated by p and 
the compact group O* consisting of all elements of norm 1. There- 
fore the group II of all (not necessarily unitary) characters of K* is 
the direct product of the multiplicative group C* of complex 
numbers 4 Æ 0 and the group O* of all characters 0 of O*. Thus, 
every character m on K* can be given by a pair (A, 6), where a 
2 eC*, 0 e O*, 
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Every element x € K* has a unique expression in the form 


x= py, 
where y e O*. The value of the character 7 on x is equal to 
a(x) = 460), (1) 


The following expression for 7, which is equivalent to (1), is 
also convenicnt. We cxtend the character 0 to the whole of K* by 
setting 6(p) = l. Then we have 


a(x) = |x|* 0(x), a) 
where s is a complex number connected with A by the relation 
à = p| =. 

We note that the set Ô* of characters 0 is countable and discrete 
so that Il is the union of a countable number of complex planes with 
zero deleted. 

From the integral representation of the Gamma-function 


(=) =f xls)m(a) d*x (2) 


we can derive the expansion of the Gamma-function in a Laurent 
series in 4. For this purpose we represent K* as the union of the 
sets p‘O*, k = 0, +1, +2,.... 

Then we find 


rim) =F f rao) & 
lyl=1 


= ZA f PIO) &. 


Thus the coefficients of the expansion of T (7) in a Laurent series 
in A are of the form 


D0) = f 20900) b. (3) 


lvl=1 


Observe that the integrals (3) converge, in contrast to the 
integral (2), which must be understood in the sense of generalized 
functions. 

We shall sce presently that almost all cocfficients F,(0) can be 
computed explicitly. From this computation it follows that 
T(7) = T(A, 0) is a rational function of 4 for every fixed 0. 

First we recall that we subjected the character y that occurs in 
the definition of the Gamma-function to the following condition: 
x(x) = 1, when |x| <1; x(x) #1 on the sct |x| < 4. 


§2. TEST AND GENERALIZED FUNCTIONS 147 


We now introduce the concept of the rank of a character 6. 
We consider the group O* of elements of norm 1. This group has 
a decreasing sequence of open subgroups Ož consisting of the 
elements of the form 1 -+ p%x, |x| <1. From the continuity of 8 it 
follows that when nz is sufficiently large, 0(x) = 1 on Ož. We define 
the rank of 0 as the smallest number n for which 6(x) = 1 on Ož. 
Obviously, the set of characters of a rank not exceeding n is finite. t 
In particular, there is only one character of rank 0, namely 0) = 1. 

We now prove the following proposition. 

If the rank of the character 6 is equal to m, m > Q, then T',(8) = 0 
fork Æ —m; moreover, 


[P_m(9)| = go (4) 
If the rank of character 0 equal to zero, that is, O(x) = 1, then 
0 for k < —1 
Tr.(0) = { —q7! for k = —1 (5) 


1— g! for k > —1. 


Thus, on a disconnected field K the Gamma-function is of a 
very simple type. Specifically, if 0(x) Æ 1, then 


P(A, 0) = V_,(0)a-™, (6) 


where m is the rank of 6 (m > 0), and |F _m(0)] = q2. If 
0 = 6, = 1, then 
1 00 1 — gota} 
D(A, %) = (1 — 9) È a -- gat = ———.._ (7) 
k=0 l— å 


Proof. We begin by discussing the case when @ is a character 
of rank m > 0. Let us show that then I',(@) = 0 fork 4 —m. 
If k > 0, then we have, since x(p*y) = 1, 


ry(6) = f 93) y =o. 
lyl=1 
Now take k < 0. We write y in the form 
you tapt...ta,pr™ +... ‘ 
(see § 1). Since the rank of @ is m, 0(y) depends only on do, %,..., 
®%m—1, and the dependence on «,,_; is nontrivial. On the other hand, 
the function x(p*y) depends only on a, Z, ..., “xs, and the 
dependence on «_,_, is nontrivial. 
If0 >k > —m, then —k — 1 < m — l, and so x(p*y) does not 
depend on «,,_,. When we split the integrals (3) into integrals over 


+ This set is the group dual to the finite group 0*/O*. 


148 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


the cosets of O* ,, we find that each of these integrals is equal to 
zero. Thus, if0 > k > —m, then [,,(6) = 0. 

Finally, if k < —m, then m — 1 < —k — 1, and so (y) does 
not depend on a_,_;. When we split the integrals (3) into integrals 
over sets of the form y + p—*—10, and bear in mind that the character 
y(x) is nontrivial on p—10, we see again that each of these integrals 
is equal to zero.t So ifk < —m, then 1,(6) = 0. 

We have now shown that if 8 is a character of rank m > 0, then 
T,(0) = 0 for k Æ —m. It remains to compute T_,,(6). 

For this purpose we consider the function 


A(x), when |x| = 1, 
p(x) = (8) 
0, when |x| Æ I, 
and compute its Fourier transform. Letu = p*z, jol = 1; then 
Blu) = | of) x(ux) de = | OC) x(tey) d = Palo). 
K tuf=1 
But I’,(6) is different from zero only for k = —m. So we have 
fan when u = p-z, |v| = 1, 3 
7 0, when |u| 4 q™. ) 


By substituting this value of ¢ in the Plancherel formula for the 
Fourier transform we obtain the required equation |T_,,(0)|? = q-™. 

Now we proceed to the case 6 = 6, = 1. The integral to be 
investigated has the form 


DO) = f (9) x(e) &y = f a D 


Ivl=1 |yj=1 


[ xp) dy — [ xlp») & 


rest lwi<1 
=¢ | o-er | 4. 
lul <a" OET Sa 
We note that 
[ Od q fork > 0 
J RN No fork <0. 
PET Sa 


The formula (5) for 1°,(69) follows immediately from this, and 
the proposition is proved. 


+ Note that the splitting of O* into domains of the form y = p~*-'O, which we have 
used here, is possible only under the condition that —k — 1 > 0, that is, for k < —1. 
This condition is automatically satisfied for m > 0, because we have assumed that 
k< —m. 
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We mention that the relation (4) may be presented in the 
following form. If a(x) = |x|* 0(x), where 6(p) = I, and the rank 
of 0 is m > 0, then 

IT (r) — qme s- 
Thus, in this instance it follows that on the set of characters of the 
form r(x) = |x} 4H? 6(x) we have 
|P(7)| = 1. 
(The character m,,,(*) = |x|+"? is not excluded, because by (7) 
we have |I (m)l = 1.) 

Now we show that if the rank of 0 is m, m > 0, then the following 
relation holds: 

P_,,(6) P_,(0-") = g-"6(—1). (10) 

To prove this we consider the function g(x) defined by (8). 
Its Fourier transform ¢(u) is expressed by (9). We now compute 
the Fourier transform (x) of ¢(u). Let x = p*y, |y| = 1. Then 


PO) = | ou) x(us) du 


K 


= T-n(8)g" f oorp) do 


ļoļ=1 
= F mC) q” Pr-ml(0?) 16) 


But [;,_,(9-1) is different from zero only for k = 0. So we have 


x T_,.(8) V_,(9-1)q"6(x), when |x| = 1 
so -| 
0 when |x| Æ 1 
that is, 
P(x) = T ml) T n0t) pla) (11) 


On the other hand, from general properties of the Fourier 
transform it follows that 


(x) = p(—x) = 0(—1) g(x) (12) 


Comparing (11) and (12) we obtain the required relation (10). 
The relation (10) enables us to compute the value ' 
T(r) = T(å, 6), 
to within its sign, when 02 = 1, and 0 Æ 1l. For in this case the 
rank of ô is 1, and by (10), we have 
T?,(0) = q-0(—}), 


whence T_,(0) = +V0(—1)g-%. Consequently, by (6), 
D(A, 0) = +VII g. (13) 
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The values of I (7) for certain special values of the character 7 
are as follows: 

l. w(x) = |x]%. In this case 4 = q-*, 6 =1. Consequently, 
by (7) 


l + ge 
T(z) = Tog (14) 
2. w(x) = |x|%sign, x. In this caset A = —q-*, 0 = 1. Conse- 
quently, 
l + q7} 
P(r) = Tig’ (15) 


3. w(x) = |x|° sin, x, where r = p or ep. In this case A = q~’, 
6(y) = sign, y, that is, 0? = 1. Consequently, by (13) we have 


T(z) = £Vsign, (—1)9*-%. (16) 


We give two other relations for the Gamma-function. These can be obtained 
as consequences of (10), Let v be a character of rank m > 0 on O*. Then we 
have 

r(t) = g-™a(—1). (17) 


Further, by comparing this relation with 
D(a) F(a) = o(-1), 
where a(x) = |x| (see § 25 (4)), we obtain 
D (am) = q” T(n). (18) 


The relation (18) may be regarded as an analogue of the rclation 
T(x — 1) = xT (x) for the classical Gamma-function. 
In the excluded case, when a(x) = 1 on O*, that is, 
a(x) = |xl’, 
we obtain from (14): 
1- gry =e) 
T(r) T(r!) = Gaal =e) ; 
PED = a rig 
Q- -4) p , 
M Ta). 18 
(1 — g) (1 — q-*}) (=) (189 
We now introduce the concept of the incomplete Gamma-function, 
and define it by the formula: 


Tr(a) = TH (A, 6) = f x(x) w(x) d *x. 
|z| <a" 


On the basis of (4) and (5) we have the following result. If the rank 
of the character 0 is equal to m > Q, then 


; (9 fork <m, 
T(n) = , 
(r (7) fork <m. 


(17’) 


T(r) = 


2ri 


+ The case 2 is obtained from 1 when s is replaced by s -+ ing’ 
nq 
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In the excluded case, when 0 = 6, = 1, 


— gl) Jk 
Gare for k <0 
TO(n) = 
1—qtat 
~ia for k > 0. 


So we sce that every fixed a the sequence 
P(r), V(r), 2.2, MY (am), ... 


stabilizes at a sufficiently large index k. 
7. The Integral fy(uti) dt. In what follows we nced the integral 
Fla) =| aut) at, (1) 


where the integration is taken over the plane K( V 7), which we shall 
now compute. First of all, (1) can be rewritten as an integral over 
K (sec the formula on p. 136): 


F(u) =a, Í y(ux) dx 
sign; r=1 
D a, 


= T | (us) dx 5 5 si sign, x dx, 
K K 
where a, = 2(1 + q71)(1 + |rl)-1. According to § 2.5 we have 


fra dx = ò(u), fra sign, x dx = I(r) sign, u , 








lul 

where r(x) = |x| sign, x. Thus, 

frlu ae = r TERE 4S ow, (2) 
where we have set 
-1 
ct = z V(r) = an x(x) sign, x dx. l (3) 
Note that the coefficient c, satisfies the relation 

t = ¢, sign, (—1). (4) 


Hence c, is real when sign, (—1) =1, c is purely imaginary when 
sign, (—1) = —1. 

The coefficient c, can be calculated to within its sign on the 
basis of the results in § 2.6. For by § 2.6 (15) we have 


c =1 when +r=e (5) 
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and by § 2.6 (16) we have 
= +[sign, (—1)]4q-4% when r =p or ep (6) 


8. On Functions Resembling Analytic Functions in the Upper 
and the Lower Half-Plane. Let K (Vr) be a quadratic extension of 
a disconnected field K. We define the upper half-plane of K(Vz) as 
the set of points z = x + VT y, sign, = l; and the lower half-plane 
as the set of points z = x + Vry, sign, y = —l. 

It is easy to verify that the upper and the lower half-planes are 
homogeneous spaces relative to the group of fractional-linear transformations 

, az + y 

=pro’ py =1. 

For disconnected fields the concept of a complex-valued 
function analytic in the upper or the lower half-plane does not exist. 
However, we may introduce the concept of a function resembling 
an analytic function. 

With this aim we introduce on K generalized functions 
analogous to (x + i0)~1! and (x — 70)~} in the case of the real field. 

We define the generalized function (x + V70)-! as the 
Fourier transform of the a an. function 


frlu) = A(l + sign, u), 


which is equal to 1 when sign, u = I, and to 0 when sign, u = —l. 


Similarly we define the generalized function (x — V7 0)~1 as the 
Fourier transform of the generalized function 


f;(u) = A(1 — sign, u), 








which is equal to 1 when sign, «u = —1, and to 0 when sign, u = 1. 

On the basis of results in § 2.6 and § 2.7 we may express these 
functions in terms of the generalized functions 6(x) and aa : 

(x + VT 0)-? = Y8(x) + arte ee “ene (1) 

(x =- V70) = lx) — arte SE, (2) 


The coefficients c, were calculated in 7. 
We call a function f(x) resembling an analytic function in the upper 


half-plane if its convolution with (x — V7 0)-} is identically zero: 


fe — V7 0)-¥f(x — t) dt =0 
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(or, what is equivalent, if its Fourier transform is concentrated on 
the half-line sign, u = 1). 

The concept of a function resembling an analytic function in 
the lower half-plane is defined similarly. 


9. The Mellin Transform. We define the Mellin transform of 
a function f(x) by the formula 


F(a) = frfa) a, (1) 


where m ranges over the unitary multiplicative characters, f 
d*x = |x|} dx. 

Thus, the Mellin transform may be regarded as the Fourier 
transform on the multiplicative group K* of K. 

The Mellin transform is defined for every function f(x) for 
which 


fise aes < œ. 


The integral (1) must be understood in the sense of the mean square 
value. 
The inversion formula 


S) = ef a)E (a) dr (2) 
and the Plancherel formula 
firo ats = e ÍIF (a1? dn (3) 


are valid. The integration is taken here with respect to the invariant 
measure dr on the character group; ¢ isa positive constant depending 
on the normalization of dz, which we shall take in what follows so 
thatc = 1. 

In studying the Mellin transform we have to take as the space 
of test functions not S, but another space S*, which we now define. 

By S* we denote the set of functions f (x) satisfying the following 
requirements: 

1. The function f(x) is finite on K*; in other words, there are 
positive numbers a and b, a > b, such that f(x) = 0 for |x| >a 
and for |x| < b. 

2. There exists a sufficiently small open subgroup of K* such 
that f(x) is constant on its cosets. In other words, 


f (xa) =f (x), (4) 


if the norm |1 — a| is sufficiently small. 


t That is, |2(x)| = 1. 
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A topology in $* is introduced in the natural manner. 
It is not hard to verify that S* consists of precisely those 
functions f (x) for which 


f(x) eS and f(x) es. 


Now we define the Mellin transform of a generalized function. 
As the basis of this definition we take the Plancherel formula (3). 
Using the notation 
S) =f oF ) d*x. 


(O(n), F(7)) “for F(x) dz, 
we can rewrite the Plancherel formula in the form 
(p(x), £(*)) = (@(7), F(z). (5) 
Observe that the Mellin transform of f(x~1) is F(a). Conse- 
quently, by replacing in (5) f(x) by /(x—1) we find 
(glx), f(4)) = (®(z), F(z). (6) 
Formula (6) defines the Mellin transform as a functional in the 
function space of the test functions. And so we take this formula as 
definition of the Mellin transform of a generalized function. 
DEFINITION OF THE GENERALIZED Function I'(7). We use the 
name generalized Gamma-function for the Mellin transform of the 


generalized function y(x). Thus, formally, [(2) can be written as 
an integral 





P(e) = frla) xl) bs? d, (7) 


DEFINITION OF THE GENERALIZED BEssEL FUNCTION J(7; u). 
We use the name generalized Bessel function J(m; u) for the Mellin 
transform of the generalized function y(u(x -} x71)), that is, 


J(=; u) = fala) (ule + 2) at de. (8) 


We write down another integral representation of J (m; u). We know that 
x(t) is inverse Mellin transform of T (7), that is, 


x(t) = (rom) azX(s) dm. 
J 
It follows that 


lx) = fT) mz 4) dm 


tux) = f T (mg) mz (u) q(x) dra 
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and therefore, 
ax(u(x + x) = {Pe Perpara mya (x) dary drg. 
Substituting this expression in (8) for J (m; u) and integrating with respect 
to x and to 7, we find 


J(nyu) = Í T(r!) T (mn t)r ln ?(u) dr. (9) 


10. The Relation Between the Gamma-Function Connected 
with the Ground Field K and the Gamma-Function Connected with 


the Quadratic Extension K(V 7) of K. Apart from the Gamma- 
function connected with K we consider the Gamma-function 


T(=), connected with the field K(V7): 
Pn) = f Or ate (1) 
K(¥7) 
where ~ ranges over the set of multiplicative characters on K(vV7). 


We assume that the additive character 7,(f) on K(V 7) is given by 
the following formula: 


a(t) = xt + 2), (2) 
where y is the given additive character (of rank 0) on K. We note 
that the rank of y,(#) on K(V7) is zero when 7 = e, and 1 when 


T = por ep. 
We show that the following relation holds: 


T(r) = lrir (a) (rr), (3) 


where (t) denotes the character w(t) = a(i) 


m(x) = sign, x and ch = 3 Í x(x) a, (x) dx. 
We set 


fm) = ee (4) 


Since T; (rā) = |r| T,(m 71r), where z(t) = Itt (see § 2.5 
(4)), we have 


f(m) = |r| P(r) (rr) P(t 8) 
= EG +y ttt D-2) sign, y |x|? | yl-! dx dy dt; 


the integration is taken with respect to the variables x, y € K and 


tt 
teK(vV7). By making the change of variables x = re and é = yt’ 
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the integral reduces to the form 
Fm) = tel f ACC + 1 + t + D) mem (a) MGM) d ds di 


= KOE +1 = dron, a) a's) d ds dt. 


(The transition to the last integral is effected by the substitution: 
t =ť — s.) Integrating with respect to y, we find 


f(z) = Irl P(r) fatre + 1 — s-})nrz (s) dt ds 
— |r] T(rèr,) Í meta, (th +s — lyanzn,(s) dt ds. (5) 


(Change of variable ¢ = s~.) 
We compute separately the integral 


g(x) = f nzn, (tË + x) dt. 
Passing from g(x) to its Fourier transform we obtain 
ğlu) = | rux)? (t + x) dt dx 


f xls) mga) def eluh a 


= D(aq'a,) m7, (u) Ga —u) + 3 a) | 
(see § 2.7 (2)). 
So we have 
Plu) = T (ror) T —1), 
p(x) = G T(r m) 7,(— 1) d(x). 
Thus, we have established that 


hence, 


[rote +s —1) dt = GT (mzn) m, (—1) ô(s — 1). 
Substituting this expression in (5) we find that 
Jm) = [tl et PCat) (ror) (1). 
Finally, observing that 
T(mota,) = (rom), D(ror,) = D-iror,) m, —1), 
we obtain the end result: f(r) = |r| ¢;1, that is 


D (rā) = frl- c, (7) (77). 
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§3. IRREDUCIBLE REPRESENTATIONS OF THE 
GROUP OF MATRICES OF ORDER 2 WITH 
ELEMENTS FROM A LOCALLY COMPACT 
FIELD (THE CONTINUOUS SERIES) 


In this and the subsequent sections we study representations 

a p 

of the group G of matrices ( s} xô — By = 1, whose elements «, 
Y 

B, y, ô belong to a locally compact topological field. In § 3 we give 

a description of the continuous series of irreducible unitary represen- 

tations of G. Other (discrete) serics of irreducible unitary represen- 

tations of G will be discussed in § 4. In § 5 we compute the traces 

(characters) of the irreducible representations of G, and in § 6 we 

obtain an expansion of a function f(g) on G as a Fourier integral 

(Planchcrel’s theorem). 


Instead of G we frequently consider groups related to it: 

1. The factor group G, = G/3 of G over its center 3 (3 consists of the two 
elements e and —e, where e is the unit matrix). 
ax boy 
px + 0° 

It is easy to show that G, is isomorphic to the group of all automorphisms of 
G, and that G, is isomorphic to the group of all inner automorphisms of G. Thus, 
G, is a (normal) subgroup of G,. It is not hard to show that 


GIG, = K*/(K*)?. 


Thus, G, = G, when K is the field of complex numbers, Gy:G, = 2 when K is the 
field of real numbers, G,:G, = 4 when K is a disconnected field. f 

All the results to be expounded below carry over to the groups G, and G, 
without any essential modifications. 





2. The group G, of all fractional-linear transformations x’ = 


1. The Continuous Series of Unitary Representations of G. We 
begin with a description of the continuous series of representations 
of G. For the field of complex numbers this series of representations 
was discovered by Gel’fand and Naimark. The construction given by 
them carries over directly to the case of a locally compact topological 
field K. ‘ 

A representation of the continuous series is given by a unitary 
multiplicative character n(x) on X. 

The representation is constructed in the space of complex- 
valued functions g(x) on K for which 


(p, p) =f |p(x)|2 dx < œ. 


t The special case when the characteristic of the finite field O/P associated with K 
is 2 is excluded (sce § 1.5). 
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The representation operator T, corresponding to the matrix 
a 

= ( s) has the following form: 
xY 


Tole) os) = (2 


The fact that the operators T,(g) form a representation, that is, 
that 7,(g.g2) = T,(g:) T,(gz), is established by direct verification. 


) w(ex + ô) |Bx + 8|-2. (1) 


A similar construction of representations is available for the group of matrices 
with elements from a finite field K, of order q. To describe these representations it 
is convenient to go over from the functions (x) to homogeneous functions 

J(*is*2) of two variables. Then we have the following. description of the 

representations. Each representation is given by a multiplicative character 7(¢) 
on K,. It is constructed in the space of functions f (x4, x2) on Ky, (x, x2) + (0, 0), 
that satisfy the condition of homogeneity 


SF (txis t*a) = a(t) Sf (%1, xa). 


The representation operator T, (g) has the form 


Tz (g)f (#15 ža) = S (ay + YX Bx + ôx). (2) 


These representations are irreducible except when m = 1 (in this case a one- 
dimensional representation splits off), and when z(t) assumes only the values --1 
(in this case the representation decomposes into two representations of equal 
dimension). As in the case of an arbitrary locally compact topological field K, 
the representations T,(g) and T,-1(g) turn out to be equivalent. The traces of 
the representations T,(g) were first computed by Frobenius. 

Apart from the representations (2), the group of matrices over a finite field 
K, also has an “analytic” series of representations, which we shall discuss in § 4. 


Let us show that the operators T,(g) are unitary, that is, 
(T,(g) p, Tap) = (p, p). (3) 


Indeed, we have 


(Tap Toe) =| (EEH) pe + otas 


By making the change of variable x’ = at and using the 


equation dx’ = |x — 6|~? dx we obtain equation (3) at once. 


Now we give a derivation of the formula dx’ — [Bx -H ô|? dx. We set 
dx’ = a(x, g) dx. An immediate consequence of the definition of a(x, g) is the 
functional equation 


a(x, £189) = a(x, 21)0(%81, 83). (4) 


(Here xg is the result of applying to x the fractional linear transformation 
corresponding to g.) The same relation (4) is easily seen to be satisfied by the 
function |Bx + 6|—?. 

Now we observe that every matrix g can be represented as a product of 
matrices of the following types: 


TAPAST] 9 
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Therefore, by virtue of (4), the function a(x, g) is uniquely determined by its 
values on the matrices g of the form (5). So it is sufficient to verify that 


a(x, g) = [Bx — ò? (6) 

for matrices g of the form (5). But for these matrices (6) is obvious. For if 
1 0 ô 0 

g= ( J then x =x + y, hence, dx’ = dx. If g = ( 0 s) then 


7 
0 1 
x’ = ô`?x, hence, dx’ = |ô]? dx. Finally, if g = ( 10 


since the multiplicatively invariant measure d*x = |x|} dx is preserved under 
this transformation, we have |x|! dx’ = |x|! dx, hence dx’ = |x|~? dx. 


l 
) then x’ = —-; 
x 


2. Another Realization of the Representations of the Continuous 
Series. We obtain another realization of the representations of the 
continuous series by going over from the functions g(x) to their 
Fourier transforms 


Plu) = f pla) alua) a (1) 


Let us find the expression for the operator T,(g) in this realization. 
The operator T,(g) acts on the function ¢(u) by the following 
formula: 


T,(g) ¢(u) = Í LT, (2) (x) ]x(—ux) dx 





-[o(F + Y) (Bx + ô) |Bx + ôl! y(—ux) dx. (2) 


It remains for us to express the right-hand side of (2) again in 
terms of ¢(u). 
By the formula for the inverse Fourier transform we have 


p(x) = ll Elo) x(0x) do. 
Consequently, 
ax + y 


Tp) =| x(—we + 0 E 


Henceforth we call this realization of the continuous series the 
x-realization. ' 

Thus, in the y-realization a representation of the continuous series is 
constructed in the space of functions (u) for which 





) m( ax -+ ô) |Bx + ò|! p(v) do dx. 


(p, p) =] !p(u)|? du < œ. 


x 
The representation operator T,(g), g = ( n) is given by the formula 
yY 


T,(¢) p) = | Kle lu, 0) pl) do, (3) 


“v 
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where 
ax + 
K,(g | u, v) = f(-x +v Beh X 


Let us examine the expression (4) in detail. To begin with we 
assume that 8 # 0. Then it is convenient to write (4) in a somewhat 
different form, by making the change of variables Bx + ô = t. 
After an elementary transformation we find 


Klele 0) = pi (A) fa( -5 ae + oy) (titre. 8) 


We mention a peculiarity of this formula. It tells us that 
K,(g | u, v) is a product of two functions—the function 


ia, ( > *), 


one and the same for all the representations of the series, and the 
Bessel function 





) n(x + 6) [Bx + d|-2 dx. (4) 








fa(—5 (ut + 0) wo te 


which does not depend essentially on g. 
Now we discuss the special case when 8 = 0. Then we have 


K,(g|u 0) = x(%2)m(a) fah (u + S0)s) ax 


= x(t 2) =) [3-3 (—x + £0), 


Bearing in mind that in this case « =: 6-1, we may rewrite this 
formula as follows: 


K,(g! u, v) = m(d) |ô] x(dyu) 6(v — ôu). (6) 


. 0 
So the operator T,(g) corresponding to the matrix g = (° 5) has 
the following form in the y-realization: ? 


T,(g) p(u) = (8) 18] x(ôyu) p(8%u). (7) 


There is one further convenient realization of the represen- 
tations of the continuous series, which we call the z-realization. We 
obtain it by going over from the functions (x) to their Mellin 
transforms 


F(x) =f plx) a(x) x|- dx; (8) 


where 7, ranges over the unitary multiplicative characters. From 
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the inversion formula for the Mellin transform (see § 2.9) it follows 
that 


fioi ax = SIP)? dn. 


Let us find the expression for the operator T,(g) in the z-realization. 
By definition, 


T.()F(m) = { LT, (8) (x) Jar (x) [xl dx 
-fy E) x + 8) [Bx + 6-2 m(x) [x4 dx. (9) 


It remains to express the right-hand side of (9) again in terms of the 
function F (7). 
By the inversion formula for the Mellin transform we have 


= Í Fem) nz (x) |x|-4 dra. 











Consequently, 
_ ee ee 
T,(g)F (m) =fr (= + ô px + ô (Bx T ò) 








8x + ôt m(x) lxt F (ra) dx dare. 


Thus, in the m-realization a representation of the continuous series is con- 
structed in the space of functions F(7,) on the group of multiplicative characters 
m, for which 


(F, F) = Í IF (m;)|? dr; < 00. 


x 
The representation operator T,(g), g = ( A is given by the formula 
Y 


TF) = {Keg | my m)F (7) dro (10) 
where 


K,(g|m, m) = f mm (Bx + 8) |Bx + òl 
mean + y) lax + yl m(x) bei dx. (11) 


The expression (11), which gives the matrix element of the operator 
T,(g) in the z-representation, can appropriately be called the 
hypergeometric function of m, mı, 7. For the field of real numbers 
K,(g| 71, 72) can be expressed immediately in terms of the 
hypergeometric function of Gauss. 

Note that if one of the elements of g is zero, then the hyper- 
geometric function (11) degenerates into a Beta-function. For 
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example, if « = 0, we have 
K,(g| Tis Ta) 
= m;(y) int mB + ô) [Bx + 8|-% m(x) |x|% dx. 


The formulae for the representation operators corresponding to 
the matrices 


5 6-1 ) ( n) 0 
= ’ z= ’ Z , 
0 ô z l ia 


1 
and ¢ = >» #0 
( i) 
have a very simple form. 
For on the basis of (10) and (11) we find after elementary 


transformations that 
T,(6)F(a,) = nmi ô)F (m), (12) 
r(TmiT 
Ta(2)F (m) -f Te 
(aranmo) 


T,(6)F(m) =) qs P(mimg*) ay ma —t)F (ma) dma. (14) 
T'(a7y79) 


It is convenient to go over from T,(g) to the equivalent representa- 
tion T’(g) = A-1T,(g)A, where A is the operator of multiplication 
by T (mmo). Clearly, the kernels of the operators T;(g) are obtained 





T (ria) minz! (Z)E (m3) dt, > (13) 


from those of T,(g) by multiplying by ro . So we obtain 
T,(6)F (m) = way(6)F(m), (15) 
Ts(2)F (ms) = f Plam) ing '(2)F (me) dra, (16) 
I\(a727) “ay 4 
F(a) =| Tamm) V(ayay)) nmal — OF (72) dra. 
(17) 


This realization of the representation has the advantage that 
the operator T!(z) in it does not depend on the “index” of the 
representation. Since the matrices z and { generate the whole 
group G, the representation 7‘(g) is completely determined by the 
formula for the operator T;(¢). In this formula the only factor 


depending on the index of the representation is 
D( a7) (maemo) 
D (mimo) (mm7) , 


under the integral sign, and this then gives us our representation. 


a(r | Tis, Ta) = 
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In § 4.5 we shall show that similar formulae hold for the 
representations of the discrete series. 


3. Equivalence of Representations of the Continuous Series. 
We are going to show that the representations of the continuous series 
T,(g) and T,.(g) are equivalent. 

To prove this we consider the operator T,(g) in the y-realiza- 
tion. The kernel K,(g|u,v) of T,(g) is given by the following 
formula: 


K,(g| 4,2) = pi 3 =) fa(- 5 wt + 0) x(0 |t|-2 dt. 


Making the change of variable ¢ = vu~'¢'-1 under the integral, we 
obtain 


K,(g | 4, 2) 


= = isl (™ +) xfa(-50 + ot) m2) Me-t dt, 








that is, 


K,(g |u, 0) = = K,-a(g | 0). 


So we have shown that 
T,(g) = A1T,-A(g)A, 
where A is the operator of multiplying by a(x): 


Apu) = n(u) p(u). 
Hence, the representations T,(g) and T,-:(g) are equivalent. 


In § 5 we shall see that there are no other pairs of equivalent 
representations in the continuous series. 


4. Irreducibility of the Representations of the Continuous Series. 
We show that the representations 7,(g) of the continuous serics are 
irreducible, apart from certain special values of 7. 

We recall that a unitary representation T (g) is called irreducible 
if the representation space contains no invariant subspace other 
than zero. The following is an cquivalent definition: a unitary 
representation T(g) is called irreducible if every bounded operator in the 
representation space that commutes with all the operators T(g) is a multiple 
of the unit operator. 

The following propositions hold. 

1. For the field of complex numbers all the representations T,(g) are 
irreducible. 
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2. For the field of real numbers all the representations T,(g) are 
irreducible, except w(x) = sign x. In this special case m(x) = sign x, the 
representation T,(g) splits into two irreducible representations. 

3, For a disconnected field all the representations T (g) are irreducible, 
except when n(x) = sign, x, r = p, ep, or e (see § 1.7). In each of these 
special cases the representation splits into two irreducible representations. 

We give a proof only for the case of a disconnected field; for 
connected fields the proof is similar. t 

We consider the representation 7,(g) in the y-realization. 
Our aim is to describe all the bounded operators A that commute 
with the T,(g); 

AT,(g) = T,(g)A. 


First, we see what we can derive from the permutability of A 


1 0 
with the operators T,(g), where g = ( ): These operators are 
of the form y l 


T,(g) plu) = x(yu) pu). (1) 


Hence, A commutes with the operators of multiplication by (yu), 
and therefore, with every operator of multiplication by a bounded 
function. From this it follows that A itself is an operator of multiplica- 
tion by a bounded function a(u): 


Agp(u) = a(u) p(u). 
Next, we see what we can derive from the permutability of A 


with the operators T,(g) where g = ( ): These operators are 
of the form 0 ô 


T,(g) p(u) = m(8) |ô] p(ô%u). (2) 
The condition that A commutes with the operators T,(g) can be 
written in the form 

a(ô?u) = a(u) 


for every 6 £0. So the function a(u) is constant on every coset of 
K*/(K*)?, We can show, in fact, that in the nonexceptional cases 
a(u) is constant on the whole of K, and that in the exceptional cases 
it can assume only two distinct values. This then will prove the 
theorem. 


+ Another proof of the irreducibility of the representations for the field of complex 
and the field of real numbers can be found in Gel’fand, et al. [27]. 
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We now write the condition that A commutes with the operator 


0 1 
T,(s), where s = ( j a} This condition takes the form 


K,(s | u, v)a(v) = a(u)K,(s | u, 2), (3) 
where 


K,(s |u, v) = | x(ut + vt-1)n(t) d*t. (4) 


Let K® and K‘? be distinct cosets of K*/(K*)*. If we can show 
that K,(s | u, v) 4 0 when u e K™®, v e K), then it follows from (3) 
that a(u) assumes identical values on K™ and K®), 

Let u eK, ve K, We assume that |u], |v| are sufficiently 
small so that y(ut) = 1, y(vt) = 1 for |t] < 1. Then the expression 
for K,(s | u, v) can be written in the following form: 


K,(s | u, v) 


= f x(ut-) a(t) d*t + Í x(ut) a(t) d*t + fro d*t. (5) 
lt] <1 [t{>2 fe|=2 
First, we take the case 7(t) = 1. Here we find, after a change of 
variables, 
Kis|yo) = f xoare+ f ota-o. 
J¢l> lol Jé]> [ul 


Since x(t) = 1 when |{é| is sufficiently small, this expression cannot 
possibly be constant, and hence K,(s|u,v) #0. So we have 
shown that for m = 1 the function a(u) is a constant and therefore 
the representation T,(g) is irreducible. 

Now let z(t) Æ 1. Then we have 


f lott) a(t) d*t + Í y(ut) a(t) d*t — |} w(t) d*t 


je] >1 le] s1 l¢{=1 ' 
_ ll a(t) d*t = 0. 
Adding this to (5) we find 
K,(s | u, v) = f x(or-4)m(0) d*t + frunze d*t, 
where the integrals are taken over the whole of K. By a change of 


variable we obtain 
K,(s |u, 0) = T(m) n(o) + T(r) a(x). 
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Here the coefficients T(r) and I'(7~?) are different from zero. We 
assume that z(u) is not constant on (K*)*. Then z(z) is not constant 
when v ranges over a coset of K*/(K*)?, and hence K,(s | u, v) 4 0. 
This shows that a(u) is constant and therefore the representations 
T,(g) are irreducible when w(t) Æ 1 for t e (K*)*. 

Finally, we discuss the special case w(t) = 1 for te (K*)?*. 
Such characters m have the form r,(t) = sign, t, where T = p, ep, 
or e (the case m = | was considered above). 


Here we have, because 7, = 7,1, 


K,(s |u, 0) = I'(a,)[sign, u + sign, v]. 


Hence, if sign, u = sign, v, then K,(s|u, v) 40. 

This shows that for 7(¢) = sign, ¢ the function a(v) is constant 
on the set of elements v where sign, v is constant, that is, a(v) assumes 
not more than two distinct values. Hence, the representation 
T,(g), m(t) = sign, ¢, if it splits at all, splits into no more than two 
irreducible representations. This fact will be shown in § 3.5. 


5, The Decomposition of the Representations T, (g), 7,(¢) = 
sign, t, into Irreducible Representations. We decompose the space 
of functions g(u) into the direct sum of two subspaces: the subspace 
H+ of functions g(u) that are zero for sign, u = —1 and the subspace 
H- of functions g(u) equal to zero for sign, u = 1. We show now 
that these subspaces H+ and H- are invariant under the operators T,,(g), 
a,(t) = sign, t. 

First, we recall that every matrix g can be represented as a 


I 0 6-1 0 
product of matrices of the form ( i} | 0 ) and the matrix 
Y 


0 -1l 
s= ( a) Therefore, it is sufficient to verify that H+ and H- 


are invariant under the operators corresponding to these matrices. 
Clearly, the operators 7,,(g) corresponding to the matrices 


1 0 6-1 o) 
| i and ( o aj preserve the spaces H+ and H- (because the 
Y ; 

first reduces to multiplying g(u) by the function y(yu) and the 
second carries p(u) into (6) ô| o( pu) (sec § 3.4 (1) and (2)). 
Thus, it remains to show the invariance of H+ and H- under the 
operator T, (s): 


T,,(s) p(u) =f xtut + vt?) sign, lo(v) d*t dv. 


To prove this we pass from the functions y(u) to their Mellin 
transforms 


F(z) = f ow) jul’? (u) d*u. 
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We write down the action of T,,(s) on F(z): 
T: (SE (77) = f xut + vt!) sign, tov) |u| w(u) d*t dv d*u. 
Integrating first with respect to u and then with respect to ¢ we obtain 
Ta (S)F (r) = Clam) P(wme,) | ats (2) 9(0) do, 


where 7,(v) = |v]. On the right-hand side we substitute for (v) 
its expression in terms of the Mellin transform F(z): 


gv) = malo) [aF (a) dr’. 
After integrating with respect to v and to 7’ we obtain the following 
formula for T,,(s): 
T,,,(s\F (a) = T(m) U(amyn,)F (77, (1) 
Let us show that the operator T,,(s) defined by (1) preserves 
the subspaces H+ and H~-. For this purpose we write down the 
condition that F(z) belongs to H+. The condition that p(u) belongs 
to H+ can be written as follows: 
plur, (u) = eu), 


where 7,(u) = sign,u. Obviously in the Mellin transform this 
condition can be written: 


F(xn,) = F (r). (2) 


Suppose now that F (r) belongs to H+, that is, that it satisfies (2), 
and let F,(7z) = T,,(s)F (7). Bearing in mind that 7? = 1 we then 
obtain from (1): 

F,(a7,) U(ary7,) (rm )EF (274) 
T\(amy7,) (am) F (m tr,) 
= Fy(7). 


Hence, together with F(m) the function F,(7) = T,,(s)F (7) also 
belongs to H*. And so the invariance of the subspace H* is proved. 


Il 


6. The Quasiregular Representation of G and its Decomposition 
into Irreducible Representations. Quasiregular representation of G is 
the name we use for the representation in the space of functions 
J (Xi, X2), X1, Xa E K, for which 


BI) =f If (tay x2) |? dx, dxy < œ. 
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The representation operator T(g) corresponding to the matrix 
x 
g= | s) is given by the formula 


T(8)f (%1 x2) =f (ax, + Yxn Bx, + xa). (1) 
It is obvious that T(g,g.) = T(&)T (g) for arbitrary g, and g, 


from G and that 
(TODS TON = (LS). 


So the operators T (g) form a unitary representation of G. 

We now obtain the decomposition of T (g) into irreducible 
representations of the principal series. 

We call a function f(x,, x.) homogeneous of degree m, where m 
is a multiplicative character on K, if it satisfies the condition 


S (ty, txa) = m(t) ltl f(y xa) (2) 
for every t 4 0. 


Every function f (x,, x2) can be decomposed into homogeneous 
functions: we assign to every multiplicative character m the 
function 


foley, ta) = f Fln tes) M0) at (3) 


Clearly, f,(%1, X2) is a homogencous function of degree 7. 
By the formula for the inverse Mellin transform we have 


SF (ty, txa) = M| fale xa) a(t) dz, (4) 


where dz is a suitably normed invariant measure on the character 
group. From (4) we obtain for ¢ = 1 the required expansion of 
Ff (x1, 2) into homogencous functions 


f(s ra) = f falas 2a) dr (5) 


The functions f,(x,, x2) being homogeneous are uniquely determined 
by their values on the line x, = 1. We set 


G(x) = f(x, 1). (6) 
We show now that the following Plancherel formula holds: 
f IF (X15 x2) dx, dxg =f | p_(x) |? dx dr. (7) 


For according to the Plancherel formula for the Mellin transform we 
have by (4) 


fiery, eye edt = È fala) a 
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Substituting x, = 1 we find 
S ute, one in dt =f tala)? a (8) 


Integrating both sides of (8) with respect to x we obtain the 
Plancherel formula (7). 

Let us see how the operator T (g) acts on the function ¢,(x). 
We have 


T(g) P(x) = T (8) fa% 2) lone 
= f(x + y, Bx + ò) 


f(E -1 
ÈE, 1) + 8) Ibe + 8% 


Thus, 


Tiepa) = pi (ZH) mpe + 8) [Ba + a 


So we see that the functions g,(x) are transformed according to 
the representation of the continuous series corresponding to the 
character r. 

Hence, the formulae (5) and (7) give us the decomposition of 
the quasiregular representation of G into irreducible unitary 
representations of the continuous series. 





7. The Supplementary Series of Irreducible Unitary Represen- 
tations of G. Here we give a description of yet another series of 
irreducible unitary representations of G. The series is defined by 
analogy to the case of the field of complex or the field of real numbers 
(see Gel’fand et al. [27]). 

Each representation of this scries is given by a real number 
p Æ 0 in the interval —1 < p < 1, and is constructed in the space 
of functions g(x) on K for which 


1 —— 
(9) = gg | a — a pe PE dea dra < o. 
Here r, denotes the character m (x) = |x\*, 
Pla) = f x(x) [ale de (1) 
The representation operator T,(g) corresponding to the matrix 


x 
£= ( ) is given by the following formula: 
Y 





Tep) = o( 22) lpr + ore. (2) 
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An immediate verification shows that 


T,(gig2) = T81) T,(g2) 
for arbitrary matrices g, and g, from G and that 


(7,(g) p, Te) p) = (p, p). 


So the operators T,(g) provide a unitary representation of G. 

We call the series of representations so constructed the 
supplementary series. 

It can be shown that the representations T,(g) and T_,(g) are 
equivalent (for a proof in the case of the field of real or of complex 
numbers see [28]; for disconnected fields, the proof is similar). 
Thercfore we may henceforth assume that 0 < p < 1. 

Another realization of the representations of the supplementary 
serics is obtained by passing from the functions g(x) to their Fourier 
transforms 


p(w) = Í p(x) x(—ux) dx. 


In this realization the formula for the operator T,(g) takes the 
following from: 





T,(e) pli) = È Kyle lu 0) ple) do, (3) 

where 
K,(g | u, 2) = fz( -us + sZ Bx F ily [Bx + ô|! dx. (4) 
The expression for the kernel K,(g | u, v) can be written in a 


somewhat different form. Namely, 


K,(g |, 9) = Wat? x(™ r z) fal- 5 (ut + vt) M= at 





when £ + 0, and 
K,(g | u, vo) = |6|-°+? x(dyu) 6(67u — v), 


when f = 0. 

Let us find the expression for the scalar product (g, p) in the 
new realization. We observe that the Fourier transform carrics the 
convolution of functions into their product. Since the Fourier 
transform of |x|?—} is 


lep- = T(r) luje, 


where m,(x) = |x|?, we have 


(p, 9) = f la- hou)? du. (5) 
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So the representation T,(g) of the supplementary series 
(0 < p < 1) may be realized in the space of functions g(u) on K 
with the scalar product (5). The representation operator in this 
realization is given by the formulae (3) and (4). 

All the representations of the supplementary series are irreducible. 

The proof of this proposition is word for word the same as in the 
case of the principal continuous series (see § 3.4). 


8. The Special Representation of G. In§ 3.7 we constructed 
the supplementary series of irreducible unitary representations T,(g), 
where 0 < p <1. Let us see what representations arise in the 
limiting case when p = 0 or p = 1. 

Obviously, for p =0 we obtain the representation of the 
principal continuous series corresponding to the character 7 = 1. 

We shall see presently that for p = | a new representation of G 
arises. 

So we examine the representation 


— tr) rare 
Tipa = oS =2) pe + oe (1) 
Let us clarify how we must define the space of functions (x) 
so that the operators 7,(g) are unitary operators in this space. 
We note that the formula for the scalar product 





Fe —— 

(a o) = peg a o dade 
is meaningless for p = n because I(z,)|,-1 =0. Therefore we 
impose on (x) the additional adition 

ICE dx = 0. (3) 


For such functions we have 
Í ts — ale etn) PE drs dealya = 0, 
and the expression (2) tends, as p — 1, to the finite limit?’ 
(p, p) = ef In |x, — xal (x1) p(%2) dx, dž (4) 


We show now that the functions g(x) satisfying condition (3) 
form an invariant space under the operators 7,(g). For we have 


[roe dx =[e (e+ 7 z) IBx + ò? dx = foo 


+ In |x| is the adjoint homogeneous function of degree of homogeneity 7 = 1. 
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Consequently, if p(x) dx = 0, then also 
[ Tile) 9) dx =0. 


So we have obtained a representation in the space of functions 
g(x) for which 


[ o(2) dx =0, 
(ps 9) = f Im ix, — al 9) PG) di dea < 00. 
The representation operator T,(g) is given by the following formula: 


Teo) = of 2) pe + ors 


We call this representation 7,(g) the singular representation. t 
If we so, over from the functions g(x) to their Fourier transforms 
G(u) = f(x) x(—ux) ) dx, we obtain another realization of the 
singular representation, in which it is constructed in the space of 
functions y(u) with 
(p, p) -Í Jul-* |p(u) |? du < œ 
(and so (0) = a The representation operator T,(g) has the form 


pu) = [Kl (g | u, v) p(v) do, 
where 





ax + 
K,(g | u, v) “he +v Bx ob 


9. Representations in the Spaces Z,. In this subsection we 
give a brief description of nonunitary representations{ of G. 

With every multiplicative character (x) of K (here we do not 
require that |7(x)| = 1) we associate a function space Y,. This 
space consists of the functions f(x,, x2), 1, %, E K, that satisfy the 
following two requirements: 

1. For a connected field K the functions f (xı, x.) are continuous 
and infinitely differentiable everywhere except at (0,0). If K is 


: (Bx + d|-2 dx. 


a 
disconnected, then for a matrix g = ( ) sufficiently close to the 
unit matrix y ò 


S (ax, + Yxa Bx, + 8x) = f (Xi X2)- (1) 


+ In the case of a connected field the representation T, (g) is one of the representations 
of the continuous or the discrete series. Therefore the term “singular representation” 
refers only to disconnected fields. 

+ For details on these representations in the case of a connected fteld K see [28]. 
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2. The functions f (xı, x2) are homogeneous of weight =, that is, 


Sf (tH, txa) = a(t) [> F(a xa) (2) 
for every t 4 0. 
There is a natural way of introducing a topology in 2, under 
which it becomes a complete space. x 
Now we give a representation of G in 2, If g = ( ) then 
Y 


we define the corresponding representation operator T,(g) by the 
formula 


TDJ (1s %2) =f (ax, + Yta Bx, + ôx). (3) 


The question of the irreducibility and equivalence of the 
representations T,(g) arises.t The problem for the field of complex 
numbers and the field of real numbers is discussed in detail in 
[28]. Here we state, without proof, the analogous results for a 
disconnected field. 

We defined the singular points in the group of multiplicative 
characters 7 as the characters a(x) = |x| and w(x) = |x|7?. 

1. Two representations T, (g) and T,,(g), where 7, is a 
nonsingular point, are equivalent if and only if 7, = 7, or 7 = 773°. 

2. For nonsingular points m the representations T,(g) are 
irreducible, except when a(x) = sign, x. In this case m(x) = sign, x, 
T,(g) splits into the direct sum of two irreducible representations. 

3. Let w(x) = |x|. Then the space 2, contains a one-dimen- 
sional invariant subspace %, It consists of the functions 
Ff (%1; xa) = const. The space Y,. also contains an invariant 
subspace F ,-1 consisting of the functions f(x}, x2) for which 


fe 1) dx = 0. 


Clearly, the factor space 9,-:/F,-1 is one-dimensional and 
consequently, 9,-1/F rı = Z, It can be shown that 9,/9, = F,-1 
that is, the representation in F,-1 is equivalent to that in the factor 
space Z,/G,. 

Now let us find out for what 7 we can introduce in 2, a scalar 
product invariant under the representation operators. When this 
is possible, we can complcte 2, relative to this scalar product and 
obtain a unitary representation of G. For connected fields the 
problem was investigated in [28]. Here, without proof, are the 
analogous results for disconnected fields. 

An invariant scalar product exists in 9, if and only if one of 
the following conditions is satisfied: 


} For the definitions of irreducibility and equivalence in the spaces see 2, [28]. 
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1. |w(x)!' = l; the corresponding unitary representation of G 
is the representation of the principal continuous series discussed in 
§ 3.1. 

2. a(x) = |x|", where p is a real number, 0 < |p| <1; the 
corresponding unitary representations of G are the representations 
of the supplementary series discussed in § 3.7. 

Furthermore, for a(x) = |x|} an invariant scalar product 
exists in the subspace F , of functions from 2, satisfying the condition 


[re 1) dx = 0; 


the corresponding unitary representation of G is the singular 
representation discussed in § 3.8. 


In the classification of all irreducible representations of G, we mention one 
essential difference between the case of a connected field and a disconnected field 
K. In the case of a connected field it is sufficient to consider the space 2, and 
all its invariant subspaces and factor spaces, if 2, is reducible. It can be shown 
that in this way we obtain, to within equivalence, all the irreducible representa- 
tions of G [27]. For a disconnected ficld K this is not so: the representations of 
the discrete series, which will be constructed in § 4, are inequivalent in the 
spaces J,. 


10. Spherical Functions. We say that an irreducible represen- 
tation of G is of class I if the representation space contains a vector 
that is invariant under the subgroup U of integral matrices, that is, 
matrices whose clements are all p-adic integers. 

Let us find that representations of the continuous series that 
belong to class I. As we know, a representation of the continuous 
series T,(g) can be realized in the space of functions f(x) = f (%1, x2) 
satisfying the condition of homogeneity 


f(x) = a(t) ASE) 
for every t Æ 0. 


In this space we look for a function invariant under the 
operators T (u) with u € U. 

We define the norm !x! of a vector x = (x, x2) as the maximum 
of the norms of its coordinates: 


|x] = max (|x|, [x2l). (1) 


It is easy to verify that any vector x’ can be carried into another 
x” of equal norm by a transformation from U. Hence it follows 
immediately that every function invariant under the compact 
subgroup U is of the form 
f =F()s!). 


From the condition of homogeneity we obtain that 
J = Ca(Ixl) I = C [xl 
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From this we conclude: the irreducible representations of the 
continuous series having a vector invariant under the subgroup U of 
integral matrices are precisely those that correspond to the character 


a(x) = xf. 


This vector is uniquely determined to within a constant factor 
and has the following form: 


— |£ s-1 
So = T+" ’ 


where |x| is the norm of the vector x = (x, x2) defined by (1). The 


factor | i . 7 is adjusted so that |' fp) = 








We define an elementary spherical function on G corresponding 
to an irreducible representation of class I as a function ¢(g) on G 
determined by the following formula: 


ele) = (T (8) fo So) 


where f is a vector in the representation space that is invariant 
under U and such that |f! = 1, and the parentheses denote the 
scalar product. From the definition it follows immediately that the 
function g(g) is constant on the double cosets of U, that is, 


plugu) = plg) for arbitrary u1, u, E€ U. 


It can be shown that every matrix g € G can be represented in 
the following form: 
g = u, bug, 


where u,, 4a € U and ô is a diagonal matrix of the form 


—n 0 
ô = f ) n>0. 
0 p’ 


Thus, a spherical function ¢(g) is completely determined by 
its values on the matrices 6. 

Let us compute y(6). Suppose, for the sake of definiteness, that 
T(g) is a representation of the principal series, that is, s = tp is 
a purely imaginary number. Then the scalar product is given by the 
following formula: 


fof) =| AG DAET di 


So we have 


q rri ria bmx a " ltl, q7”) } [max (Ië, 1)]-*4 dt. 
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We split this integral into three parts—the integral over the domain 
lt] < g7?”, the integral over the domain q7?" < |t! <1, and the 
integral over the domain |¢| > 1. Then we have 


= goed ll dt + qris-y f jéj: dt + qris-v fir dt. 


Ie] <q?” g2"<lel <1 iel>4 
All the integrals in this expression are easily computed. Namely, 


f dt = q ?”; Í jel- dt = qt, 


ll <q?" l] >1 


( ltt dt = (1 — q») (1 + qg + q7: +e q 2"—1°) 


—gn bd 
g*<|tisl 


1 — qu2ns 
= — q-l 
0-a 
As a result we find 
+ i n3 _ pons 
LE ga) = grt + (1 tg E Hg 


q 1—q* 


After elementary transformations we obtain the following final 
form for a spherical function: 


1 1 — 1 _! l — _1 
a qiq rO —q tats) —q A( gin ye __ g (n 4) 8) 


(ð) =q 3 = 7 =I 
(» UAA 

11. The Operator of the Horospherical Automorphism. Follow- 
ing Chapter 1 we define the horospherical subgroups of G as the 


1 0 
subgroup Z of matrices of the form ( i and all subgroups 


z 
conjugate to Z. Horospheres in a homogeneous space X relative to 
G are orbits of horospherical subgroups. Thus, every horosphcre on 
X consists of the points of the form 


Xz = %981282) (1) 


where x, is a fixed point in X, g, and g, fixed elements of G, and 
z ranges over Z. 

From the definition it follows that every transitive family of 
horospheres on X either coincides with the space of cosets Q = Z\G, 
or is obtained from Q by an additional identification of points. We 
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call Q the space of horospheres. This space Q is isomorphic to a two- 
dimensional affine space over K from which the origin has been 
deleted. 

Let us find all the horospheres in Q. We give them by formula 
(1), where x, is the point of Q corresponding to the unit class. We 


consider the matrix 
(" 
f= y 6 


in (1). Let us show that if 6 = 0, then the horosphere (1) degenerates 
to a point. For in this case we have gız = z’g,, where z’ eZ., 
Consequently, x, = £182 for every z, because x9Z = Xp. 

Now let 8 40. Then g, may be represented in the form 


£1 = 25 625. 


where Z,, Za € Z, 6 is a diagonal matrix, and 


B 0 1 
s= a) (2) 


Thus, the equation of the horosphere (1) takes the following 
form: 


X, = XpSZ Og. (3) 


So we see that nondegenerate horospheres in Q form a homogeneous 
family. For they are all obtained by group translations from 
X, = XosZ. 

When we go over in (3) to coordinates and bear in mind that 
xo = (1, 0), we obtain the following equation of horospheres: 


x, =aztly, x, =6z+6, zeK, «ð — py=l. (4) 


Thus, the horospheres in the space Q of points x = (Xi, Xa), x #0, 
are all the lines that do not pass through the origin of coordinates. 

Let p(x) be a test function in Q. We associate with it integrals 
of (x) over all the horospheres (that is, lines) in Q: 


y(g) = | olsosze) dz. (5) 
z 


Observe that y(zg) = p(g) for every ze Z. Thus, y may be 
regarded as a function in the space Q = Z \ G, and we can write 
w(x) instead of y(g). 

Hence, the map 


B: p(x) — y(x) (6) 
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carries functions on Q again into functions on Q. We call this map 
B the horospherical automorphism. 

In coordinate notation the operator B is given, as is easy to see, 
by the following formula: 


Boxy, x) = foz + Ii XaZ 1 Ya) dz, (7) 
K 


whcre y, and y, are arbitrary elements from K connected with x, 
and x, by the relation 
XPa — MI = 1. 
For example, when x, Æ 0, (7) can be written in the form 


Bo(*y xa) = foma XaZ + ay") dz. (8) 
K 


The fundamental properties of B are the following: 

1. The operator B commutes with the operators of group translation 
f(x) F(x). 

This follows immediately from (5). 

2. The operator B carries homogeneous functions of weight m into 
homogeneous functions} of weight 7-1. 

This follows immediately from (8). 

From property 2 of B it follows that the operator B? carries every 
space B, of homogeneous functions into itself. Since 2, is irreducible 
and B? commutes with the representation operators, this operator 
is a multiple of the unit operator on each space J,. 


Bp, = A(T) 9, 


for every function 9, E€ 2,- 

Our main task is to compute the factor of proportionality A(7). 
In this subsection we find A(z) for the field of real numbers and for a 
disconnected field; sec formulae (15) and (30). 

We introduce two homogeneous function of weight m. To 
construct them we extend the character m to a multiplicative 


character on the quadratic extension K(vVe) of K. We denote the 
character so obtained, as before, by 7. We set 


pS (x, y) = m(x + Ves) |x + Veyi, 
p(x, 9) = a(x — Vey) lx — Vert, 
where x, y EK. 


+ That is, functions satisfying the relation 


pix) = w(t) tpl), teK 
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Let us compute Bp and Bo. 

To begin with we consider the field K of real numbers. Here 
we have (Ve = 1): 

+a 
= Í a(xz + i(yz + x7!)) [xz + (yz + x71) [71 dz. 
We transform this integral. We have 
i+ x?) 

x2 +7 





xz + i( yz +x) = œ +b)(z + 





= (x — pale +2") (- + a) ~ i. 


Consequently, after a suitable change of variable we find 
+0 


BoP (e3) = Me — b) le — bi [mle +i) Lz + idz. 


-9 


Thus, 
Bo (x, y) = A? (7) pf% I) (9) 
where 
+a 
AY (7) = f a(z + i) |z + il! dz. (10) 


The integral (10) can be expressed directly in terms of the 
classical Beta-function. For let 
m(x) = |x|’ sign” x, y =0,1. 


We extend the character ~ to the field of complex numbers by the 
following formula: 

mhz) = |z| Er, (11) 
It is not hard to check that then 


’ 


a(i mnsa 

10 (n) = (12) 
. s—1 1 
iB- =z 39) when » = 1. 


Similarly we find that 
Bop (x,y) = (rr) pr (% 9)» (13) 


D(a) = (—1) A7). 


where 


180 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


From this formulac it follows that 


BoP = Ar), Beg? = A(z) gP, (14) 
where 
— cot, when v = 0. 
Ma) = AP (a) AM( a) = (15) 
Qa TS 
— tan =, when » = 1. 
s 2 


Now we consider a disconnected field K. In this case we have 
Bo} (x, 9) 


=| a(z + VE (9z +x) lez + VE (9z + dz. 


As in the case of the field of real numbers, we find 


Bop (x, 9) = MY (7) p(x, 9), (16) 
where 
A (a) -fz + Ve) |z + Vel dz. (17) 


Now we compute the integral (17). 
The character r(x) is given by the following formula: 


a(x) = |x}* O(x), (18) 


where s is a complex number and 6(p) = 1. 
We begin with 6(x) = 1. Then we have 


-l-7 


ID (r) = Í Jx|®-2 dx + f dx Igp (19) 


lz]>1 |z| <1 
Now we consider the case 0 Æ 1. Let n be the rank of @ in K. 
We recall that the rank is the smallest natural number n for 
which 
6(1 + p*x) =l, jx) <1. 


The rank of 6 is the same, whether regarded as a character on K or 
on K(Ve). 
First we show that 
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For we have 
I, = f O(p-*t + Ve) dt = p* | O(t + pev'e) dt 
\¢|=1 [eles 


Hence it follows that for every x € K, |x| < 1, 


1,0(1 + p*-4x) = q” f O(t(1 + p™-tx) + p'v/e) dt 


[é]=1 


= gi f Ol + pV e) =I, 
|t{=1 
But 0(1 + p*—1x) Æ 1. Consequently, J, = 0. By what we have 
proved we obtain the following expression for A) (x): 


AD (r) = Í A(z + Vedz =q" $ Oz+wvVe). (20) 
isi 2€O/p"O 
On the basis of this formula we can show that 
[AY (a) |? = q7”. (21) 
Proof. We have 





zie) 


[AD (a)? =— qn o( -}. 
suro u + Ve 


(z and u range over a set consisting of one representative from each coset of 
O/p"0.) In this sum we separate the term with z = u. We find 


{AM (7)? = qo” + qn > o(? L “). 
z#u Ul Ve 


We show now that the second term is zero. For this purpose we consider the set 





+ Ve 





of values mod p” of Z . It is not hard to verify that this set is preserved 


ut € 
under multiplication by elements of the form x, = | + p”—1s, |s| < 1. Hence, 


-- ʻ)- ( z+ ve) = (2 -| ve). 
6 0 =r 0 
> (= -F Ve =È uP + Ve pA u + Ve 


Since 0({x,) Æ 1, it follows immediately that 


2+ “) 
6 = 0. 
» (: a Ve 


We give another derivation of the formula (21) based on results of § 2.6. 
We introduce the Gamma-function I',(7) in K(Ve) by the following 


formula: 
T(r) = f (5) a(t) d*t, (22) 


KY?) 
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and show that 
I, (x77) 


1) = Pam) 


(23) 
where m(x) = |x]. 

By the substitution ¢ =: xy i- Vey, where x, y € K, the integral (22) reduces 
to the form: 


P,(z) = froo) IIt dy fre + Ve) |x + Ve? dx. 


Equation (23) follows immediately from this. 
To obtain (21) from (23) we use the following formula, which was derived 
in § 2.6: 
|P'(mr)] = nite s—4), (24) 
We show that 
ITeC] = Res, (24’) 


Indeed in passing from K to K(Ve) the number g (the order of the residue 
class field O/P) is replaced by q?, and the rank of the character z is preserved. 
Hence, by (24), we have [I°,()| = q2™Res/2—-1/2) = gn(Res—l), 

(21) is an immediate consequence of (23), (24), and (24’). 


We have now obtained the final formula for the operator B: 
If x(x) = |x|* 0(x), 6(p) = 1, then 
BoP (x,y) = AM (r) p(x), (25) 


l — qe) 
I(r) =i 1 —¢@ 
qu P(r), when 6(x) 4 1. 


Here n is the rank of 6, and 


lu) (ar)| = 1. 


The computation of p'(7) is a task of considerably greater 
complexity. However, for our purposes the value of u‘” (m) is not 
required. 

Similarly, we have 


Bop (x9) = A (a) p(s y). (27) 
Next we show that the functions 2°?(7) and a‘Y(m) are 
connected by the following relation: 


AD (ar) A) (a) = a(—1)g”. (28) 
For by analogy with (20) we have 


where 


, when 0(x) = 1, (26) 


D(a) = | 0-H{z — Ve) dz 
J 
6(—1) f 0-1(z + Ve) dz = 0(—1L) A (a). 


ISL 


1 


ll 
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Consequently, 
2M (ar) M(t) = G1) AM (a)? = O(—-1) g-” 


On the basis of these results we have 


Brg = An) gl, Bg = Aa) pP, (29) 
where 
(1 — 9°). — g-*") 
At when p = 1 
A(z) — A (ar) Al? (a71) — (1 — g@)(1 _ T’ » when > 
q—"a(—1), when the rank of 6 is n 4 0, 
(30) 


that is, in accordance with § 2.6 


Aln) = T(r) (27). (31) 


§4. THE DISCRETE SERIES OF IRREDUCIBLE 
UNITARY REPRESENTATIONS OF G 


1. Description of the Representations of the Discrete Series. 


Here we show that with every quadratic extension K(Vr) of K, 
a certain discrete series of irreducible unitary representations of G 
is connected. Thus, for the field of real numbers there is one 
discrete series, and for a disconnected field there are three discrete 
series of irreducible unitary representations of G. 

As a preliminary we recall the formula for the operators of the 


a P 
continuous series in the y-realization. If g = ( AD then the 
yY 


corresponding representation operator T,(g) is given by the formula 


T 


T.(8)p u) = fK g | u, v) p(v) dv, 


where 


K,(g |u v) = |817 e + silt 1 (ut + o=) ) x(t) d*t, 
when f #0; 
K,(g | u, v) = (6) |6| y(ôyu)ô(ô?u — v), 


when $ = 0. 
Here 7z is the multiplicative character on K that generates the 
representation. 
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We define the representations of the discrete series by similar 
formulae. 


Let K(Vr) be a quadratic extension of X, w(t) a multiplicative 


character on K(V 7). We consider the space H of functions p(u) on K for 
which 


(p, 9) = figla) du < o. 


a 
With every matrix g = | s) we associate the operator T,(g) that is 


Y 
defined in H by the following formula: 


T,(g) pli) =Í Kule |u 0) p0) d, (1) 


where 








sign, B . (> + =) 
K,(g |u, v) = a,c, sign, u 
(eleo) iar BANG 


Í i(- 3 (ut + u=)) a(t d*t, (2) 


t=vu-! 
when 6 + 0, sign, u = sign, v; 
K,(g|u, 0) = 0, (3) 
when sign, u Æ sign, v; 
K,(g | u,v) = sign, ô - (4) [ô| x(dyu) 6(d%u — v), (4) 


when $ = 0. 

Here d*t denotes the measure that is uniquely determined on 
the circle # = vu~! by the condition d*(ff,) = d*t for every tẹ with 
to = 1; fd*t=1; a, =2(1 + ¢-(1 + Irl). The coefficient 
c, is determined by the formula 


ct = f y(t) di, (5) 


where the integration is taken over the plane K(vr). The precise 
meaning and the value of this integral were indicated in § 2.7. 

In § 4.3 and § 4.4 we shall show that the operators T,(g) form 
a unitary representation of G. 

We make some preliminary remarks on the representations 
T,(g): 

1. We see that the operators T,(g) are defined essentially by 
the same formulae as those for the representation operators of the 
continuous series. The only important difference is that the 
integration in (2) taken not over a “line,” but over the circle 
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ti = vu- on the plane K(V7). The points ¢ of this circle are 
characterized by the condition that ut + vt~! must belong to K. 

2. In § 4.6 we shall show that if 7, = 7, on the circle # = 1, 
then the representations T, (g) and T, (8) are equivalent. Hence 
the representations T,(g) are, in fact, given by the characters on 
ti = 1, and so the set of these representations is discrete. This is the 
explanation of the name “discrete series.” 

3. The representations 7,(g) are reducible. For let H+ be 
the subspace of functions g(u) for which g(u) =0 when 
sign, u = —l; H- the subspace of functions for which g(u) = 0 
when sign, u = 1. 

From the formulae for the representation operators it is 
immediately clear that H+ and H- are invariant subspaces. 

From now on we denote the representations in H+ and H-, 
respectively, by T7(g) and T7(g). These representations are 
irreducible (see § 4.6). 

So we see that every discrete series of irreducible unitary representations 
consists of two halves—the representations T$(g) and T7(g). The first 
are realized in the subspace of functions p(u) for which p(u) = 0 when 
sign, u = —1; the second in the supplementary subspace. 

A similar series of representations arises in the case of a finite field K, We 
assume that the characteristic of K, is different from two. Then K, has precisely 
one quadratic extension. The series of representations connected with this 
extension is realized on the functions y(u), where u ranges over the elements of 
K, other than zero. The representation operator has the form 


T,(g) p(u) = 2 Kale | u, o) p(o), 


where 


Klg | u, 0) = -x( 
when 8 # 0; 


ôu + =) 
B 


K,(g | u,v) = (6) x(dyu)d(5%u — v), 


when $ = 0. Here 6(u) is the Delta-function: ô(u) = 0 for u + 0, 6(0) = 1. 

In contrast to an infinite field, the representations T,(g) turn out to be 
irreducible (except when (x) = +1). It can be shown that T,(g) and T,-1(g) 
are equivalent representations. 


> a(- 5 (u + )) a), 


t=vu 3 


2. The Continuous Dependence of the Operators T,(g) on g. 


ow 
The operators T,(g) corresponding to the matrices g = ( ') 
Y 
were defined by different formulae in the cases 8 # 0 and f = 0. 
We show now that the formula for T (g) in the special case B = 0 
is obtained by a limit process from the formula for T (8g) corresponding to a 
matrix in general position. In this way we establish that the operators 
T,(g) depend continuously on g. 
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As a preliminary we put the formulae for the operators into a 
somewhat different form. 

By § 4.1 the operator 7,(g), 8 #0, is given by the following 
formula: 





T,(g) p(u) 
i ô w à l 
= 0.0, sign, u f xf s "L z” + 2) a(t) p(v) d*t dv, 


ti=vu7! 

(1) 
where the integration is with respect to ¢ is taken over the circle 
ti = vu. When we substitute v = wii in the integral, we may 
rewrite the formula as follows: 


T,(g) pu) 


=c, ai Ê ul sign, u f (5 (ô + off — t — i) a(i) (ut dt, (2) 
where the integration is taken over the whole plane K(vV7). We 
make the change of variable: ¢ = Bt’ + ô. After elementary 
transformations we find 





T,(g) p(u) = c, |El sign, Blu| sign, ug(ôyu) 
J atau -L yB(t +E) u] x w(Bt + 6) p(u( Bt + 6) (Bi + ô)) dt. (3) 


Let us see what the limiting value of this expression is, as f — 0. 
We assume that sign, $ remains constant. Let 8, be a fixed clement 
such that sign, By = sign, 8. Then we have 


B = Boos, 


where o is an element from K(vV7). In the integral (3) we make the 
change of variable t = o—"t’, and find 


T,(g) p(u) = ¢, |Bol sign, Bo |u| sign, u- x(dyu) 
faiaga + yBo(ot + ai)) Ir (Poot +8) p(u(Boot + ô) (BFE + 8)) dt. 
(4) 


We are interested in the limit of this expression, as ø — 0. Let us 
perform a formal limit passage under the integral sign. Then we 
obtain 


T,(8) p(u) 


= c, |Bo! sign, Bo lul sign, u + y(ôyu)r(ô) (dx) fatunga dt. (5) 
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However, 


` 4 sign, (UB) a, 
f xtuaput dt =, uab + 9 


(see § 2.7). Substituting this expression in (5) and bearing in mind 
that in the limit matrix x = 6-1, we find 


5( a Bou) 


T,(g) p(u) = sign, ô + m(ô) |ô] y(ôyu) p(ð?u), 
that is, 


T,(e) pli) = sign, 8 m(8) 181 x(8yu) | 8(3%u — 1) p(o) do. 


So we have obtained precisely the formula (4) of § 4.1 for the 


a 0 
operator T,(g) corresponding to the matrix g = | ) 
Y 


The limiting process, as øo — 0, as we have carried it out, is not completely 
rigorous, To make the argument rigorous we have to introduce instead of the 
T,,(g) auxiliary operators by adding the factor |u(aBgtf + yBy(ot + o7))|* under 
the integral (4) (å is a complex number). We split the integral so obtained into 
two terms: over |t} < 1 and over |:| > 1. It is easy to see that for each of these 
integrals there is a domain of values A for which it converges absolutely and 
uniformly in ø, as o — 0; and then the limit passage, as ø — 0, under the integral 
sign is possible. We do not wish to go into details of this common technique in 
generalized functions here. 


3. Proof of the Relation T7,(g,2.) = T,(g:) - 7T,(g). We 
show that the operators T,(g) actually give a representation of G, 


that is, 
T, (8182) = T,(g:) T;(ge) (1) 


for arbitrary matrices g, and g, from G. 

The operators T,(g,), T,(g2), and 7T,(g.g.) are given, respec- 
tively, by the kernels K,(g, | u, v), K,(ge|u, v), and K,(g,g: | u 2). 
So we must show that 


€ 


Fler |u w) Kles | ws 0) dw = Kelgige|%2)- (2) 


-(" e) L (2 5] -(* s) 
s: Yı by)” S= Ye òa se = \y 8} 


It is sufficient to discuss the case 8, #0, ba #0, p #0. For the 
special cases when at least one of the elements fı, f2, 8 is equal to 
zero, the relation (1) can be obtained later by a limit process. 


Let 
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When we substitute in (2) the expressions for the kernels from 
§ 4.1 we find 


F = {Kile | u, w)K,(ge | Ww, v) dw 
2¢2 sion 1 aU 
= ote sign, (Ba) babel x(%* + #2) 


z Oy ô, 
(Feri) — Fob) g E) aiu) dhs d*t dw, 


l=wju sé=v/w 
(3) 


We make the change of variable s = t-10 and obtain 


T = atc? sign, (B1B2) |B1b:l7} (= + %2) 


T | J (-F (t +i) — g (Oita) + E w) a(o) d*tdw da. 
(4) 





We compute the inner integral 


r=| fx(-$ +A — E (ol + a) + gio) dide 


U=wju 





separately. 
Substituting w = utf in the integral we may rewrite it as an 
integral over the plane K(V7): 





I = a mfz (- u(dt + at) +u E u) dt, 


Co 
wherea = 24. 


Bi Ba babs 


We make the substitution ¢ = t -- ——a and obtain 


I = az" |u| a(—u ae aa) | x(u 5 a) dt. 
However, _ 


Jol ih t) dt =e sign, (am) im +4 (ay u). 
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Consequently, 
I = a'c" sign, (5) Ahl y-a Bh aa) 
= a7*c7" sign, (4) Afs i - E u — r (o — @&) — E o). 








We substitute this expression in (4) and use the easily verified 
relations 


ô _ Be 2 “f a 
So we find B, B B? Pa B B 
o we fin 
_ sign, f . ôu + aw _ 4 _ * 
T = a6, —— iB sign, u - (mae ) f x 3 (o + 4)) z(o) d o 


od=vilu 


= K, (2:82 | u, 2). 
The relation (2) is now proved. 


There is a certain lack of rigor in our arguments, because we have computed 
the integral (2), which diverges in the usual sense. This can be avoided by 
considering instead of K,(g | u, v) the auxiliary kernels 


K,(g | u, v| A) = K,(g | u, v) lol, 
where å is a complex number. We form the integral 


Ta = fK; | u, W | A)K, (8: | Ww, V | 2) dw. 


We split it into two integrals—over |w| < 1 and over |w| > 1. It is easy to see 
that each of these integrals converges in a certain domain of values A and is in 
this domain an analytic function of A. So the integral 7 , is defined as an analytic 
function of å. It can be shown that at 4 = 0 the function ‘J , is regular and that 
T o = Ky(e18 | 4»): 


4. Unitariness of the Operators T,(g). Let us show that the 
operators T (g) of the representations of the discrete series are unitary, that îs, 


Tr(g) = T7 (8) 
where the asterisk denotes the adjoint operator. 
For T*(g) is given by the kernel} 


K,(g | 2, u) 
= aĉ, a B sign, v’ i(- wtf (vt + ut-)) w(t) d*t 


= me iP sign, u- (E) f i(- Hetto jaian). 


t We use the relation & = ¢, sign; (— 1), see § 2.7. 
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So we see that K,(g | v, u) = K,(g-1 | u, v), that is, Tž (e) = T,(g-). 

On the other hand, since the operators T (g) form a represen- 
tation, we have T,(g-*) = T;*(g). Therefore, T¥(g) = T7" (8), as 
required. 


5. The -Realization of the Representations of the Discrete 
Series. In this subsection and the next, we give two other 
realizations of the representations of the discrete series. We obtain 
the z-realization by going over from the functions (u) to their 
Mellin transforms: 


F(m) = f plu)mA (u) Jul du. (1) 


It is not hard to see that the kernels K,(g | 7, 72) of the opera- 
tors T,(g) in the z-realization can be expressed in terms of their 
kernels K,(g | u, v) in the original realization of the representation 
by the following formula: 


K,(g | mi, 72) = fK | u, v)az (u) lul ma(o) joj du do. (2) 


Let us find the formulae in the z-realization for the represen- 
tation operators corresponding to the matrices 


5 (S ) 1 0 0 
= ? z= ? 
0 ô z ) z7 


g- | t #0 
-(; i} #0 


For this purpose we need, apart from the Gamma-function 
connected with K, the Gamma-function T,(7) connected with 


K(v7), 


and 


Film) = f ae de 
Ke(/7) 
Here m ranges over the set of multiplicative characters on 


K(V 7), and y,(¢) is an additive character on K(V +), which can be 
expressed in terms of the character y(x) on K by the formula 


a(t) = x(t +A. 
We assume that all multiplicative characters on K are extended 


to multiplicative characters on K(Vr); we denote the latter by 
the same letters as those used before. Furthermore, let z(¢) denote 
the character corresponding to the formula 


a(t) = a(d). 
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We show that the representation operators corresponding to the 
matrices 6, z, and © are given in the m-realization by the following formulae: 


T,(6)F (a) = am a,(6)F (m); (3) 


T,(2)F(m) = mnz) Í P(neghrg)F (m) dra; (4) 


l: (amaian) 


E)E (m) = D(mirz')ar' mal — EF (ma) dwa (5) 


T, (aay 977) 
where m2(t) = tj. 

These formulae are similar to the formulae for the represen- 
tations of the principal series obtained in § 3.2. Indeed, according 
to § 3.2 the formula for the operator T,(z) of the representation of 
the principal series is precisely the same as (4), but the operator 
T,(C) of the representation of the principal series is given by the 


T 


following formula: 


L (maro) C(nmzTo) 


TAOFI) =) and anni 


D(ming ) ai mal — iE (m2) dma 

(3) and (4) are easily obtained on the basis of the formula (4) 
in §4.1 for the kernel K,(g |u, v). We give a derivation for (5). 
The kernel of T,(¢) is given in the z-realization by the following 
formula: 


sign, ¢ 
KA| 





K,(¢ | Tis 2) = a,¢, 


{fx (; (uto—u( (¢41))) sign, u m (u) lo) ju|-“4ar(t) d*t du do. 


tl=vfu 
After elementary transformations we find 


Kal E | a, ma) = cmima E) 
ffrea — t)(1 — 8) sign, urg 'malu)nm,ña(t) du dt. 
By integrating over u we obtain 
K(f | mis ma) = cng mal e) (ag man, mo) 
EAO — t) {al — A1 — A dt. 


where 
m(x) = sign, x, xeK*, 


molt) = 1, t e K*(V7). 
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The last integral is the Beta-function connected with K(v7) and 
can therefore be expressed in terms of I’,. As a result we find 
K(¢ | Tis T2) 
LT .(aareiton?) I, (mimm ay) 

= cm m(t) Dirman) aea I Plnr) at) 
Since according to § 2.10 
T (miinz ty?) = Irit (minz n,) (rr) 
- - U(m73") 
= |r| tmn Tm —1) Tlr man? 
we finally obtain (because |r|~*¢?x,(—1) = 1): 


= Y\,(a17ei77?) 


K (E | m, ma) = m m(t) 


So the formula (5) for T,(¢) is proved. 


0 -l 
Now we derive the formula for the operator T,(s), where s = ( ) 
We have l 0 


K, (5 lms 72) -aar f Í (u(t HE) ) a(t) my m, (u) m0) juj jo d*t du dv 


ti=vju 


= ¢,7,( — vf Í x(u(t + i))nil man, (u) engang (t) dt du. 
KV?) 
By the change of variable ¢ = u~} this integral reduces to the form 


K,(s | my) ma) = cm, -D fxe + 2) wagitg779 (t) dt | eaten ns du, 
that is, ` 
Ky (5 | yy m) = cpm, —1) D;C anggang) O ni mg 2,7), (6) 
where 6(7) is the Delta-function on the group of multiplicative characters of K. 
On the basis of (6) we obtain the following expression for T,(s): 
T, (S)F (a) = ¢,7,(—1) D(a ay m rE (a1 2,77"), (7) 


where 7 is the restriction of z(t) to K. 
Incidentally, the operators T,(s) of the principal series are given in the 
-realization by the similar formula 


T (F (my) = P(g) aya) F (4277). 


6. Another Realization of the Representations of the Discrete 
Series. We now examine another realization of the representations 
of the discrete series, which we obtain by going over from the 
functions (u) to their Fourier transforms 


P(x) = f plu) y(ux) du. 


v 
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In this realization the representation operator T,,(g) is given by 

the kernel 
Kyle | x59) = Kole | wo) aur — oy) du do, (1) 


where K,(g | u, v) is the kernel of T,(g) in the original representation. 
We shall find an explicit expression for this kernel. 


a 
Let g = ( A) where f + 0. When we substitute in (1) the 
Y 


expression (2) in § 4.1 for the kernel K,(g | u, v), we obtain 


, sign, f f. (= +av 1 7 ) 
Ki(g | u,v) = a,c, sign, u — — (ut + vt! 
(g | 4, v) aL Sst A — 5 | ) 


x a(t)y(ux — vy) d*t du dv. (2) 








Here the integration with respect to ¢ is taken over the circle 
ti = vut. Substituting under the integral v = utf we may rewrite 
this formula as follows: 


sign, B 
|B} 


x zle H” — 5 G+ +r ty) lat dt du, (3) 


where the integration with respect to ż is taken over the whole plane 


K(V 7). Now we integrate with respect to u. 
On the basis of the formula 


Ki(g|u,v) = c, fia sign, u 





fre \ul-1 y(ux) du = T(r) a~4(x) 





we obtain 
Klg | +) Sat l 
. + ait - . 
. sign, (Lut +) 
= 4 sign, f — e Ê a(t) dt, (4) 
\Bl 6+ af I p HE 
a 3th +x — thy 

where 


a= fiu sign, ux(u) du. 


v 


Thus, in the new realization the representations of the discrete series are 
constructed in the space of functions p(x) on K for which 


(p, p) = fig)? dx < œ. 
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The representation operator T,(g) corresponding to the matrix 
a 
g= ( a with B + 0, has the form 
Y 


a) =| Kile 183) 900) d 6) 
where the kernel K (g ! x, y) is given by (4). 
The formula for the kernels of the operators T (g) corresponding 
a 0 
to the triangular matrices g = | s may be obtained from (4) 
Y 


by a limit process. However, it is more convenient to obtain it 
directly from the formulae for T,(g) in the original realization: 


T,(g) p(w) = sign, da(4) [8] x(dyu) p(8%u). 
By applying the Fourier transform we easily find: the operator 


a 0 
T,(g) corresponding to the matrix g = ( ) has the following 
form in the new realization: y ò 





T,(¢) 9(2) = sign, òr(8) lò (+2). 


7. Equivalence of Representations of the Discrete Series. Each 
representation of the discrete series is given by a multiplicative 
character 7(t) on the plane K(V7), and also by sign, u (because it 
is realized either in the space of functions g(u) that are zero for 
sign, u = —l or in the complementary space). We shall now find 
out which representations of the discrete scries are equivalent. 

1. If 7,(¢) = m(t) on the circle t# = 1, then the representations 
Ty(g) and T(g) (or Ty(g) and T- (8), respectively) are 
equivalent. t 

2. If m(t) = mz (t), then the representations Tz (g) and T7;(g), 
or T;(g) and T;(g) respectively, are equivalent. 

The converse statement follows from results in § 5.4: if 
m(t) Æ m(t) and m(t) Æ mz (t) on the circle # = 1, then the 
representations T;*(g) and T;*(g) (or T; (8) and T3(8), respectively) 
are inequivalent. 

3. The representations T$(g) and T;(g) are not equivalent 
for any 7, and rg. 


t We recall that we denote by Tt (g) the representations realized in the subspace of 


functions p(x) that are zero for sign u = —1, and by T3 (g) the representations realized 
in the complementary subspace. 
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Proof of Proposition 1. The kernel of the operator T+(g) has 
the form 


K7(g | u, v) 
= ac, sign, B (* - =) Í i(— 3 (ut + u=) ) a(i) d*t, (1) 


[ÊI tl=ufo 








Here sign, u = sign, v = 1. Hence each of the elements u and 
v is either a square of an element from K or is of the form v%s?, 
where s is an element from K and » a fixed element from K(W7) 
such that v7 is not a square of an element from K. 

We transform the formula for K*(g | u, v) and treat the cases 
aw(—1l) = 1 and a(—1) = —1 separately. Thus, let (—1) = 1. 


. v 
Ifu = $, v = s, 5, 5, E K, then by the change of variable t = j- t’. 


we find u 
* a(V0) sign, B (du + av 
Ketel) = ry TB e f ) 


f- Ee +a) d*t, (2 


Since a(x) = m(—x), all the factors in this expression are 
single-valued functions of u and v. 
Similarly, if u = vs?, v = s2, 54, 52 E K, then (o the change 

















of variable t = =, r) 
Halu o) = Oo avà sign, f (du + ov 
Kel] o) = a(o v (vi) u) na fr jl x( B 


x fd- (8 VEE (E 4 J)e are (3) 


if u = 52, v = vis? (sy, 5. E K), then 


ll 








a(o (v) t0) qe $E P (™ + 2) 


K} Z 
(g | 4, 2) a(Vuy ABI B 
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Finally, if u = výs, v= vis, then 
Ki(g | u, v) = m(oV(99)%) 4 sign, B (2 t 2) 


m( vV (v7) tu) (BI 
| Vw 

x ]x 

i 





— tt a)n() d*t. (5) 


In the representation space we consider the operator A, of 
multiplication by the function a(u) 


A,y(u) = a(u) p(u) (6) 
where a(u) = a(Vu) when u = s?, s € K, and a(u) = (vV (v)u) 


when u = vřs?, s e K. 
We transform T} (g) to the equivalent representation 


T+(g) = AP T4 (8)A, 


Clearly, the formulae for the kernels of the operators T} (g) are 
obtained from (2)-(5) by omitting the first factors. Hence, these 
kernels depend only on the values assumed by the character 7(f) 
on the circle tf = 1. So we have shown that if m,(¢) = m(t) on 
ti = l and 7,(—1) = 1, then the representations T} (g) and T$(8) 
are equivalent. 

Now we take the case 7(—1) = —I. Let a,(#) be a fixed 
character such that 7,(—1) = —1. Just as in the first case, we then 
transform the formula for the kernel of T*(g) to the following form. 

Ifu = s, v = 53, 5), 5g E K, then 


maz? (V o) sign, B (du + av 
anu "IB al B 


x (2) J-i + n\t d*t. 





Kr (g | u, v) = 


Vu Ê Vu 


(The expression nd J, i{ - 3 ve (t+ D)e d*t is a single- 
ujt 


valued function of u and v, because it does not depend on the choice 
of the sign of Vu and V2.) 


Ifu = vist, v = 52, 5,, $2 E K, then 


a, (Vo) sign, B {du + av 
anov (98) a) ABI ( B 


«fiil einen 


Kz (g | u, 2) = 





and so forth. 
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We go over from T;*(g) to the equivalent representation 


T 


T*(g) = Ano Ty (8) Aga i where the operator A, is given by (6). 


a 


Again, the kernel of the operators T} (g) depends only on the 
values assumed by z(t) on ff = 1. Hence, if m(t) = m(t) on tE = 1, 
the representations T;\(g) and T;{(g) are equivalent. Proposition 1 
is now proved. 

Proof of Proposition 2. In the formula for the kernel of the 


operator T+(g) 


T 


K3(g |u, 2) l 
= ac, a B (> 5 =) ll 1E i (ut 1 at) x(t d*t 


u=vfu 
we make the change of variable ¢ = vu—4t’—1, and obtain 


Kt(g | u,v) = ZO ge, 2808 (t + a) 

















z(u) JA] B 
x Í if - 5 (vt! + ut) jae) d*t, 

that is, were 
Kte |m 0) = ZE Kile | 2). (7 


The equivalence of T+(g) and T?..(g) follows immediately 
from (7). 

Proof of Proposition 3. Let A be a bounded operator map the 
representation space of 7;*(g) into that of T7;(g) and commuting 
with the representations: 


TROA = AT;{(g)- (8) 
Our task is to show that A = 0. We examine the operators T;*(g) 


1 0 
and T}(g) corresponding to the matrices g -{ ). These 
operators have the form y l 


Tile plu) = z(y) plu), — Tz (g) vl) = x(yu) plu) 
We set y(u) = Ag(u). Then the condition (8) can be written in the 


form 

x(yu)ylu) = A[x(yu) p(u)] 
for every y in K. Hence, it follows immediately that 

f(u)y(4) = Af u) plu)] (9) 
for every bounded function f (u) on K. In particular, we consider the 
function 


l, when sign, u = I, 


flu) = | i 


0, when sign, u 


I 
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Since the functions (u) are concentrated in the domain sign, u = 1 
and y(u) in the domain sign, u = —1, we have: f(u)y(u) = 9(x), 
f(u)p(u) =0. Consequently, equation (9) gives us Ag(u) = 0, 
that is, A = 0. 

All the representations of the discrete series T+(g) and T; (g) are 
irreducible. 

The proof of this proposition follows the same line as that in the 
case of representations of the continuous series (see § 3.4). 


8. Discrete Series for the Field of 2-adic Numbers. In the 
preceding account we have assumed everywhere that the character- 
istic of the residue class field O/P is different from 2. However, in 
Chapter III we need the representations of the group of unimodular 
matrices of order 2 with elements from the field Q, of 2-adic 
numbers. 

This case differs only insignificantly from the general case 
treated above. In fact, the constructions of the principal series, 
the supplementary series, and the special representation carry over 
to Q, without change. Some modifications are required only in the 
description of the discrete series, which we now indicate. 

In the case K = Q, the factor group K*/(K*)? is of order 8 and 
can be represented as a direct sum of three cyclic groups of order 2. 
As generators of these groups we can take the cosets of K*/(K*)? 
containing the numbers 2, 3, and 5. 

For from the arguments in § 1.5 it follows that the subgroup 
A, € K* consisting of the elements of the form 1 -} 8x, |x| < 1, is 
contained in (O*)2, Also a direct computation shows that when 
|x| = 1, then x? € A}. Our statement on the structure of K*/(K*)? 
follows from this. 

Thus, the field K = Q, has seven distinct quadratic extensions 
K(v7), T = 2, 3, 5, 6, 10, 15, 30. It can be verified that in each of 
these extensions the subgroup K* consisting of the elements of the 
form zZ, z € K(V7), is of index 2 in K*. Therefore, we may define 
the functions sign, x that assume the values +1 and give a complete 
set of characters on K*/(K*)*, The construction of the discrete 
series as described in this section may now be extended to the field 
Q, and here we obtain not three but seven discrete series of 
representations. 


§5. THE TRACES OF IRREDUCIBLE 
REPRESENTATIONS OF G 


1. Statement of the Problem. Let 7,(g) be a representation of 
G belonging to the continuous (principal or supplementary) or 
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discrete series. With every finite function} f(g) on G we associate 
the operator 


TAF) =| fle) Tala) de- (1) 


Then the following proposition holds. 

The operator T,(f) has a trace, which we denote by Tr T,(f), and 
this trace is a continuous functional in the space of finite functions f(g). So 
the trace Tr T,(g) of T,(g) is defined as a generalized function on G: 


(Tr T8) f(g)) = Tr Tf). 


For the classical groups over the field of complex numbers this 
result was first obtained by Gel’fand and Naimark. Later it was 
proved by Godement and Harish-Chandra for the irreducible 
unitary representations of every real semisimple Lie group. 

In the Appendix to this Chapter we give a proof of this proposi- 
tion for the group of matrices of order 2 with elements from a 
disconnected locally compact topological field. 

Our object is to compute the traces Tr T,(g) of the operators of 
the irreducible representations. 

In this section we compute the traces Tr T,(g) on the basis of a 
unified method for all fields K. 

We use the formula 


Tr Tyle) = | Kale | usu) du. 
where K,(g | u, v) is the kernel of this operator. 


2. The Traces of the Representations of the Continuous Series. 
The representation operator of the continuous series corresponding 


x 
to the matrix g = | ) is given by the following formula (see 
§ 3.1): y ô 


ax + Y 
Bx +4 
Thus, T,(g) may be regarded as an integral operator whose kernel 


is the generalized function 


K,(g | x,y) = 7(Bx -+ 6) Bx + ôl! (= + t -3). (1) 





Telefe) =S (EH) epr E 8) ioe + am, 





+ In the case of a connected field K we always assume that the function f(g) is 
infinitely differentiable; in the case of a disconnected field / (g) is assumed. to be piecewise 
constant. 
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We compute the trace of T,(g) by the formula 
Tr T,(g) =| Kg | x, x) dx 


att _,) dx. (2) 


We may assume that $£ + 0 (otherwise we pass from g to any matrix 
conjugate to it), We make the change of variables Bx + 6 = t, and 
obtain 





= f m(x + 6) 18x + ò af 


Tr T,(g) = {a(x + ô — t —#)n(t) |t|- dt 


= fsa, + At — t — 6) a(t) -> di, (3) 


where A, and 4; are the eigenvalues of g. From (3) it is clear that 
Tr T,(g) is concentrated on the matrices g whose eigenvalues A, and A," lie 
in K, because the expression A, + A>! — t — tt, which is the 
argument of the Delta-function, vanishes at zero only for £ = 4, 
and ¢ = A". 

The integral (3) is easy to evaluate. For this purpose it is 
sufficient to use the following property of the Delta-function: f 


l 


ô((t — a) (t — b)) = aA 


(ôl — a) + 6(¢ — b)) (4) 


(provided a + b). Suppose that A, and A>? lie in K and that 
A, # 27 Then we have 


Il- 6(2, + Azt —t — 2) = ((t — 4,)(¢ — 254) 
l 1 
Substituting this expression in (3) we find 


(Ay) + aliz’ 


Tr Tyle) = (5) 


Thus, the trace of the operator T,(g) of a representation of the continuous 
series is expressed by (5), provided the eigenvalues À, and 4," of g lieinK; 
Tr T,(g) = 9, 


when 2, and 2-1 do not lie in K. 
From (5) it follows that the traces Tr T,,(g) and Tr T,,(g) of 
two representations of the continuous series coincide if and only if 


+ A proof of (4) for the field of real numbers is given in volume 7. We recommend 
that the reader prove (4) as an easy exercise in analysis in disconnected Jields. 
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either 7, = ma or 7, = 7,1. Hence, we conclude: if 7, Æ 7, and 
m, Æ mz", then the representations T, (g) and T,,(g) of the continuous 
series are inequivalent. 


3. The Trace of the Singular Representation. The arguments 
in § 5.2 and the formula for the trace remain valid for the represen- 
tations of the supplementary series, and also for the nonunitary 
representations in the spaces J, (see § 3.8). 

We make use of this fact to compute the trace of the singular 
representation 7,(g) in the case of a disconnected field. 

We recall how the singular representation is constructed. We 
consider the space 9,, m(x) = |x|, of functions f (xı, x2) satisfying 
the following condition of homogeneity: 


SF (te, tx) = lt|-* f(x, xa) (1) 
for every ¢ #0. The representation operator T (g) in 2, is given 
by the formula 

T8) J (*1 %2) =f (0x1 + 7X2, Br + Ôx). (2) 


If transfer from the homogeneous functions of two variables 
FS (%1) %2) to the functions of a single variable g(x) = f(x, 1), we 
obtain another realization of the space 2,. In this realization the 
representation operator has the.form 


ox ty 
bx + ô 


The space 2, contains an invariant subspace F, consisting of the 
functions p(x) for which 


Teol) = o( 22) igr + om (3) 


foo) dx = 0. 


The singular representation of G is a representation in the subspacet 
F,. . 

Clearly, the factor space 2,/F , is one-dimensional and the unit 
representation of the group acts in it. So the matrix of T,(g) in 9, 


( 


where 7,(g) is the operator of the singular representation. 
Hence, it follows that we obtain the trace of T,(g) by computing 
the trace of the unit representation Tr T(g) == 1 from the trace of 


+ More accurately, not in the space F, itself, but in its completion relative to the 
invariant scalar product. 
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the operator 7,,(g), n(x) = |x|-1 defined by § 5.2 (5). As a result 
we find that: the trace of the operator T,(g) of the singular representation 
is expressed by the following formula: 


\Agl + 147°! 


T = — 
r T2) \A, — az"! l, (4) 
if the eigenvalues 4, and 4; of g belong to K; 
Tr T(g) = —l, 


when 4, and 6,1 do not belong to K. 


4. The Traces of the Representations of the Discrete Series. 
We recall that the operators T+(g) and T; (g) of the representations 
of the discrete series are given by the following formulae: 








(@) ow) =[ K, (g |u, v) p(v) do, sign, u = sign, v = 1, 
e (g | u, v) p(v) dv, sign, u = sign, v = —1, 
hen 
nê. ôu + av 
K,(g | u,v) = a,c, sign, u’ f B ) 
Í i(- 5 (ut + v=) a(t d*t, (1) 


ti=vu"! 


The representation T+(g) is realized in the space of functions on the 
half-line sign, u = 1, and T=>(g) in the space of functions on the 
half-line sign, u = —1. 

We compute the traces of the representations by the formulae 


Tr THe) = f Kelg|usu) du 





D Os “a bG (a+ oF e)a d*t du, (2) 
Tr Tale) = f Keel uu) du 
sign; u=—1 
— sign, f wee ae , 
a,C, TAi f KA +ô—t-—t )) a(t) d*i du (2’) 


signru=—1 ft=1 


It is convenient to compute not the trace of T} (g) and T (g), but 
of their sum and difference. 
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First, we evaluate the difference of the traces. We have 
Tr Ti(g) — Tr T7(g) 


= = 00 | felg (5 (a +ò — t — 1) ) a(t) dtd 


=1 
Since 


fiin) du = 660), 
we obtain 
Tr T3(g) — Tr T;(g) 
= a,c, sign, B fou, + Ast —t —t)n(t) d*t, (3) 
d=1 
where å, and J; are the eigenvalues of g. From this formula it is 


clear that the difference of the traces Tr Ti (g) — Tr T;(g) is concentrated 


T 


on those matrices g whose eigenvalues lie on the circle tt = 1 on K(v7). 
This holds because the argument of the Delta-function vanishes 
only for £ = A, and t = 4,1. 
Let us compute Tr T=(g ) — Tr T7 (g) for these matrices, 
For this purpose we rewrite (3) as an integral over the whole 


plane K(V7): 
Tr T3(g) — Tr T7(g) 


= c, sign, sfat — 1) + (E — 1,)) (l — r(t) di), (4) 


where the integral is taken over K(V7). 
We use the following relation: 


8((t — a.) + (E — 4,)) ò — tÀ) 
1 > 
= — — i — 5 
|r|? |A, — | (4,(¢ 2.) + ô, (é A,))s ( ) 
where 6,(t) is the Delta-function on K(V 7): 


ô,(x + VT) = (x) d(). 
For if we set £ = x + VTI, Àg =a + Vr, a? — rf? = 1, we have 
6((t — åa) + E — A,))d(1 — ti) 
= ô(x — a)d(1 — x? + 7?) = as — a)d(r(y? — B*)) 





=- TAi d(x — «)(5(y — B) + 6(y + 8)). 


Hence (5) follows immediately. 
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Substituting (5) in (4) we obtain 
“ie A Ay" 
Tr THe) — Tr Tye) = e bet sign, p TAD +E) (6) 
la, — Ap 

Thus, the difference of the traces of the representations T+(g) and T; (8) 
of the discrete series corresponding to the quadratic extension K(v'r) of K 
is expressed by (6), if the eigenvalues A, and 23" of g lie on the circle tt = 1 
on K(Wr); and 

Tr T7(g) — Tr T7(g) = 9, 

when A, and A," do not lie on this circle. 

Now we compute the trace of the sum T,(g) = Tt(g) © Tr(a) 


of the representations T+(g) and T;(g). 
We have 


Tr T,(g) 
=4, c 8n B J Jio u (5 (4 ståt my)a() d*t du. 


Using the formula 
fsign, u + ylux) du = 2a;'c;' 


(see § 2.7), we find that the trace of the sum T,(g) = Ti (2) © T7(8) 
of the representations of the discrete series is expressed by the following 
formula: tf 


Tr T,(g) = Tr T38) + Tr T7(g) 


9 Le (A, ta te 
A, + at tr 





sign, x 





ixl 


m(t) d*t. (7) 


This formula is similar to the formula for the traces of the 
representations of the continuous series (see § 5.2): 


Tr T,(g ) = Ja (A, + Ast — t — 8-2) a(2) d*t 


It is often useful to consider not the traces Tr T,(g) themselves, but their 
Mellin transforms with respect to 7, which we denote by S(g; t). These Mellin 


+ The integral (7) converges if A, and A!~ do not lie on the circle ff = 1. But if A, 
and 4; lie on this circle, then the “integral must be understood in the sense of the 
regularizing value, namely as the value of the analytic function in v: 


_ sign, (A, + Ay} — t — t7!) . 
Jo) =2 [ae oe 


at 
at the point v = 1. 
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transforms have the [following form. For representations of the continuous series 
S(g3t) — 6(A, — Aj} —t — 174), where tE K. 

For representations of the discrete series corresponding to the quadratic extension 

K(V7) of K, 

sign, (2, -- 27} — t — i! 

say 28h Be EE 
lêg 4 ått tl 


where t is a point of the circle tf = 1 on the plane K( v7). 
Let us rewrite formula (7) for the field of real numbers in more 


I 
detail. Here we have t = e°, d*t = In dg, m(t) = é"? and (7) can 
easily be transformed as follows: 7 
_1 Gn de 


TO ai LE AE e 


where the integration is taken over the unit circle C: cf =1. Itis 
easy to evaluate this integral (for the final formula see § 5.5). 
The integral (8) turns out to be different from zero both for complex 
and for real À, 

A different result holds for the case of a disconnected field K. 
Suppose that the eigenvalues A, and 4; of g do not lie on the circle ti = 1 


on K(Wr). Then 
Tr T,(g) =0 


for all n, except possibly a finite number of characters m (depending on g). 
Proof. We expand 2, + 47! in a series (see § 1.3) 
x= h tha $ api. 
If |x| > 1, then = 
sign, (x — t — t!) = sign, x, |x — t — i!) = |x| 
for every ż on tf = 1. Consequently, 


sign, x 


|x| 





Eo d*t =0. 


v 
til 


Tr T,(g) = 2 


There remains the caset |x|. < 1, that is, k > 0. 

By hypothesis, for every font? = 1l we have £ + £ t 34 A, + 4". 
Therefore we can find a natural number m with the following 
property: if £ +t! = 6, + bp +-+::, where ¢ is an arbitrary 
point on ¢f = 1, then b; + a; for at least one index i < m. 

We divide the circle ## = 1 into a finite number of subsets 


f We mention that if —1 is not a square in K, then lås + az" >1. 


206 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


A,,,...,tm.13 the subset As, ..., vm, Consists of all points ¢ of the circle 
at which ¢ + ¢-} has the first m given terms of the expansion: 
bo tote + bpp. 

It is easy to see that sign, (A, + A; — t — t-1) and 


la, + at — t — 04 


are constant on each of these subsets. Therefore we consider the 
integrals 


E Í a(t) d*t. 


Abgor bm—1 


and check that they are equal to zero for all m except a finite set. 

On the circle tf = 1 we consider the set A,, of points ¢ of the 
form t = 1 -+ p™s, where |s| <1. It is not hard to see that A,, is a 
subgroup of finite index in the group of all points of the circle. 
Hence, there are only finitely characters on the circle that are 
identically equal to unity on Ám 

Suppose that the character ~ is not identically equal to unity 
on Ám. Then we show that for it J, oy, = 0. For let w(t) #1 
for some tẹ E€ Ám. Since the transformation t — tta preserves the set 


A,,, -ccsbm We have 


mltan.. na = Í n(tt,) d*t = Í n(f)d*t=h,s,., 


Abg- sbm-—i Aggy. +++ om—1 
Consequently, Z... bm. = 9, and the proposition is proved. 


In this section we have computed the traces of the irreducible representations 
without detailed proofs. But there is no difficulty in giving a rigorous foundation 
to all the preceding calculations. 

For example, let us look at the derivation of the formula for the trace of the 
sum T,(g) = T+(g) ®© Tz(g) of two representations of the discrete series. We 
assume K to be disconnected. 

Let § be the space of finite piecewise constant functions on G. For every 
JES the operator 


T,(f) -fs (e) T,(g) dg 


is completely continuous (and positive if f is a function of the form p * ọ*) and 
has a trace. We have to show that the trace of T,(f) is expressed by the formula 
sign, (A, + Aj! —t m’). 


t) d*t dg. 9 
ja, + At — t ~ mt) d*t dg O) 


Tr T,(f) -2f fro 


G tf=1 
Since the kernel of T,(f) is 


SF (g)K,(g | u, v) dg, 
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we have 


Tr T,(f) = lim i frorn u) dg du 
alsa 


= jim Í Í SF (g)Ky(g | u, u) du dg. 
o 
Glul sak 
The interchange of the order of integration is permissible, because the integration 
with respect to G and to u is taken over a compact domain. 
Substituting the explicit expression for K,(g |u, u) and integrating with 
respect to u we find 


Tr T,(f) 


sign, (A, + åz! — t — e1) 


= al, lim f(g) TED 7.) \A, 4- az} —ł— {| 


ka 
G 


r(t) d*tdg. (10) 


where 7,(x) = |x| sign, x, and T™(7,) is the incomplete Gamma-function: 


T(z) = f y(x) sign, x dx. 
lz] < a° 


The number s is defined by |A, -+ 4;} -t-t =g. 
It is easy to verify that the limit, as k — œ, of the sequence of generalized 

functionst 

sign, (A, + 4,1 — ¢ — #7) 


* 
la, +Aet op ey Oa 


x(8) = [re 
is the generalized function 


sign,(4, + Ap) — t ~¢& 
rena | z ) 


* 
la, + ee O dt 


Thus, by passing to the limit in (10) and bearing in mind that a,c, = 2 T1 (7,) 
we obtain the required formula (9). 


5, The Traces of the Representations of the Discrete Series for 
the Field of Real Numbers. For the field of real numbers a character 
on the unit circle is given by the formula 


a(t) = én, t= e, 0 <9 <2r. (1) 


Hence, a representation of the discrete series is given by an integer n, 
which we may assume to be positive (for negative n we obtain 


equivalent representations). We denote the representation operators 
by Ty (g) and T7(g). 


+ The existence of the limit of the sequence g,(g) follows from the existence of the 
trace Tr T,(g), as a generalized function in S. Besides, it is not hard to prove the 
existence of this limit directly. 
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Formula (6) of § 5.4 gives us: 

Tr Ti (g) — Tr Tz(g) = —i sign os . (2) 
when A, and 47? are complex numbers; 

Tr Tz(g) — Tr Tz(e) = 0. (3) 

when A, and 4,1 are real numbers. 

On the other hand, by formula (8) of § 5.4 we have: 
l d 
mJ EAE — 3,3) 
~- 2a (Lf/£4-Ljes (3) 
lA (z= b= A miy E z) 


c 


Tr Ti(g) + Tr T7(g) = 





where the integration is taken over the unit circle C: =l. 
When 2, and Aq! are real numbers, one of them lies inside C, 

and the other outside. In this case we find by the Cauchy formula 

that 

24,” 


Tr Ty(g) + Tr Ty(e) =7—55> (5) 
g g 


where A, is the eigenvalue of g of greater absolute value. 

When 4, and 4;' are complex numbers and, hence, lie on the 
unit circle, the integrals in (4) diverge and must be interpreted in 
the sense of regularlizing values. 

We sketch this regularization without proof. We note that 


1 tr dt W when |à! < 1, 
2miy bA 0, when |A| > 1. 





Naturally, on the limit set |A| = 1 the value of this integral must 
be defined by 





Ted i, 
riJ — A 2° 
So we obtain 
, An — i” 
Tr Ty(g) + Tr Tile) = —Z—4a> (6) 


when A, and 471 are complex numbers. 

Now we have explicit formulae for Tr Tg) — Tr T;(g) and 
for Tr T(g) + Tr Tz(g). We write down the formulae for 
Tr T*(g) and Tr T;(g), which follow immediately from them. 

On the set of matrices g with real eigenvalues we have 


—n 

— 
-1? 

1, — A 


where A, is the eigenvalue of greater absolute value. 


Tr Ti(g) = Tr Tz(8) = (7) 
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On the set of matrices g with complex eigenvalues we have 


Tr T+(g) = a (8) 


e? — ele 


eine 


Tr Ty) = >see (9) 


where œ is determined from the condition that the matrix 


cos g sin @ 
—sin ¢ cos g 


is conjugate to g. 


§6. THE INVERSION FORMULA AND THE 
PLANCHEREL FORMULA ON G 


1. Statement of the Problem. Let f (g) be a finite functiont 
on G. With every unitary representation 7,(g) of the continuous or 
discrete series of G we associate the operator 


TAP) =| £1) Tels) de. (1) 


The operator function T,(/), which is defined on the set of 
representations T,(g) of the continuous and the discrete serics of a 
group, is called the Fourier transform of f(g). Our task is to find an 
inversion formula for (1), that is, to express f(g) in terms of its 
Fourier transform. 

It is more convenient to state this problem in terms of generalized 
functions:t to expand the Delta-function 6(g) on G by the traces of the 
representations of the continuous and the discrete series. In other words, we 
have to find a function u(r) on the set of representations such that 


dle) =f alm) Tr Ty(e) dr. (2) 


The integral is taken over the set of representations of the continuous 
and the discrete series. 

Note that the representations T,(g) and 7,-:(g) are equivalent, 
so that Tr T,(g) = Tr T,-1(g). By virtue of this fact, the function 


+ For a connected field we assume that f(g) is infinitely differentiable; for a 
disconnected field, that f (g) is constant in sufficiently small domains on G. 

į The generalized function 5(g) is defined as follows:* (ô(g), f (g)) =f (e), where e 
is the unit element of the group. 
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u(r) in (2) is not uniquely determined. It is natural to impose on the 
required function (7) the additional condition: 


u(r) = wl). 

The inversion formula for the function f(g) on G and the 
Plancherel formula, which we are looking for, are immediate 
consequences of (2). For, let f(g) be a finite function on the group 
belonging to the space of basic functions. Then (2) leads to the inversion 
formula 


Flee) =] alm) Te (TAA) T (e) a (3) 
and to the Plancherel formula 
furore =f ae) Te (TATED) dm, (4 


where T * denotes the adjoint operator. 
For by multiplying both sides of (2) by f(ggo) and integrating 
over g we find 


Sle) =| ul) Te( | Flee) Tole) de) dr 


After the change of variable gg, = g, we arrive precisely at (3). 
To obtain the Plancherel formula we apply (3) to the function 


Fle) = | FeFe den 
For g = e we find 


F (e) -f u(n) Tr T,(F) dr. (5) 
It is easy to check that 
T,(F) = TA) TI) (6) 
On the other hand, we have 
Foe) =| IFI de. (7) 


Substituting (6) and (7) in (5) we obtain the required Plancherel 
formula. 

Thus, our main task is to find the expansion of ô(g) by the traces 
of the irreducible representations 


òla) = f a(n) Tr Ty(e) dr. (8) 


This problem will be solved in § 6.2 for a disconnected field, and in 
§ 6.5 for a connected field. 

We give another expression for (8), by going over from the 
functions u(r) and Tr T,(g) to their Mellin transforms. For 
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representations T,(g) of the continuous series we set 
Slez i) =| Tr Ty(e)m(t) dr, (9) 
w(t) =| w(m)(t) dr, (10) 


where ¢ € K and the integral is taken over the group of multiplicative 
characters on K. 

For representations T,,(g) of the discrete series corresponding 
to the extension K(/7) of K we set 


S,(g; t) =f Tr T,,(g) a(t) dz, , (9’) 


elt) =f wlr)m(0), (10 


where ¢ is a point on the circle ¿f = 1 in the plane K(vr) and the 
integral is taken over the group of characters 7, on t = 1. 
Then (8) takes the form 


6(g) =f) S(g;t Jdt +E f oSA t) d*t + aTr T,(g). 


=1 
(11) 


Here the sum is over the set of discrete series of G (hence, for a 
connected field it consists of three terms: r = p, ep, and £). 

The last term in (11) is the trace of the singular representation 
of G (see § 3.7); it occurs only for a disconnected field K. 

The traces of the representations of the continuous and the 
discrete series, and also their Mellin transforms, were found in § 5. 
Substituting the expressions for S(g; t) and S,(g; t) (see § 5.4) we 
obtain the inversion formula in the following form: 


ag) = op) PAD ERE 4 fog) Ear ETE — 1] 


n sign, (2, + 44 t-t’) a 
2z J a i, ba pay (12) 


where A, and 47 are the eigenvalues of g; O(g) =1 when å, 
27" € K, and otherwise 0(g) = 0. 

The functions g(t) and g,(t) and the coefficient a are so far 
not determined; we have to find them. 


2. The Inversion Formula for a Disconnected Field. Suppose 
that the elements of the matrices of G belong to a disconnected field 
K. We denote by T,(g) the representations of the continuous series 
of G, by T,(g) its special representation (§ 3.1 and § 3.8), and by 
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T,,(g) the representations of the discrete series corresponding to the 


extension K(/7) of K (r = p, ep, or e). Here we derive the 
following inversion formula: 


ae) =f ule) ) Tr T,(g) dx + 2 Tr Tp(g) 


+E | wl) Tr Tye) dm» (1) 


wheret 
ulr) = — fr [1 — ¿l? dt, (2) 
K 
wn) = — fa( ered 2) 
d= 
ulr) = — f a(t)[|L — t? -+ 1] d*t, 7 = p, ep (2”) 
1 tt=1,|1-t]<1 
c= “a . (The value of the constant ¢ will be computed in 


§ 6.4). The integrals (2’) and (2") are taken over the circle t# = 1 
in K(Ve) and K(V7), t = p or ep, respectively. 

Note that all the integrals (2)—(2”) diverge so that they have 
to be understood in the sense of the regularizing value. For example, 
(7) is the value of the analytic function in v, 


p0) = fA 1 = er at 
for v = —2 (see § 2.6). 
First of all we substitute in (1) the expressions for the traces of 
the representations and pass to the Mellin transforms with respect 
to m (see § 6.1). As a result the formula assumes the form 


2 |A! 


cd(g) = —8(g) ja, 2 yl — A 
24 4- 147 


sign, (A, + 47t — t — t’) 
dali FAP EL e 


_9 Í sign, (A, + 471 — t — t~?) d*i 
i lA, Fate — el — ee 


*t 


eP eels} 
t= 
9 sign, (A, + at — t — t’) 


* 
i, + d*t. (3) 


T=PEP ry litl<1 


+ The norm |t| in an expression of K is defined by |:| = pip. 
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Here A, and 47! are the eigenvalues of g; 6(g) =1, when 4,, 
4,1 € K, 6(g) = 0 otherwise. 

The derivation of (3) is given in two stages. First, we check that 
the expression on the right-hand side of (3), which we denote bricfly 
by J(g), is zero for A, = +1. Then we show that J(g) is zero for all 
g #e so that I(g) is concentrated at the point g =e. It follows 
immediately that I (g) = cô(g). The coefficient ¢ will be computed 
in § 6.4. 

The fact that J(g) = 0 for A, Æ +1 can be verified directly, 
by computing the integrals in (3). Here we have to discuss 
separately the following possible cases: 


l. 4, eK, |4, 41, 

.2,€K, |4,/=1, l4, — 1| = lå, +1 = 1, 
4,€K, |AJ=1, |4,-11 <1, 

a% EK, jaAl=1, 4,+1 <1, 
2,€K(V7), t=p, ep, [A,—-1 <1, 
4,6€K(V7), t= 7, ep, |A,+1) <1, 
4,6K(Ve), |4,-—11 <1, 

.4,€K(Ve), Ja, +1) <1, 


9. 4,€K(Ve), lå, — li = lå, +1) =], 


PN Po eN 


Below we give a table of the values of the integrals occurring in 
(3). The evaluation of some of these integrals will be given in 3. 
The detailed verification of the fact that J(g) = 0 for A, Æ +1 is 
left to the reader. 


Derivation of the formulae. Notation: A and 47} are the eigenvalues of g; 
v = A+ 4-1 — 2; q is the order of the finite residue class field O/P associated 


a 
with K (see § 1.3); G) is the Legendre symbol (a + 0 is an element of the finite 
a 
field F of order q): () = | if a is the square of an element of F; (G) = —lifa 


. -1 -1 
is not a square. (=) = l wheng = | mod 4; (7) = —l when q = 2 mod 4. 


1. Value of the integral 
sign, (2 + 41 — t — i?) 


IDA) = eg 
T (A) JA + Aa a — YL — af? 
t=1,)1-t|<1 
If t| > 1, then 
Tq) = of 282r Y 
|| 
q 


where c = —} for 7 = por ep; c = ge 
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If |»| < 1, then the values 7{ (4) are given below: 





a ACK 
2+1 q 
wa = 1g) =L p — — 2 —_ 
pi) = ten”) Ie eae” 2( ig + 1)’ 
3 
ra) = ~ ——4 — }y|-% T . 
a (A) gage!" (q + 1+4 +1) 


b. 4a point on the circle tf = | in K( Vp) 


1 gig —! q 
tay = -— |- + [— 1 4 m, 
p (® TA CETEI LT ( q jet ) i 2( +g 1) 


1 gig al q 
192) = — — | ———*— — J— 4+] 1-% -. —___*"___., 
op (7) ALES k Jo ) i» 2(g2 >q- 1) 


IOA) = — Êta _ ly — — ne . 
Vq (a? qt 1) (q+ 1)(@? +9 +1) 


c. 2 a point on the circle tf = 1 in K(V ep) 


1 +q —1 q 
wy = — — (< 4 — (—)@ +) h * - 
p (7%) A Ceres (Fe )) hi 2 +g 1)’ 


l gig —1 q 
1wa = — —- |- 1L 1) pi — , 
w (2) TA CETET (F)e+ ) I>! 2(q? 1 q +1) 
2 3 
IDA) = — qe | y- — q , 
e vq (4? -l-g + 1) | (q +1)? = ¢+1) 


d. Aa point on the circle tf = | in K( Ve) 





1M(q) = IMA) = (q + 1)? Jrj- q , 

P eP 2g? >q +1) 2(? ~q + 3) 
4- 1)2 g? 

goray = — SE DP i) T 

e pgri” (q+ iq? +4 +1) 


2. Value of the integral 


sign, (2 - Act — t ~ t?) 


d*t. 
Jaz ath —t—-t} 


I (2) = 
tf=1, |L-4[<1 
If |»| > 1, then 


sign, v 
A) =e; Dl ’ 





1 

+1? 
If |»| < 1, then the value J{?)(A) is given below: 
a. ACK 


where c” = 14 for + = por ep; cs = 


z q 
IEA = 18) = b — Ye, Ta) = bi — 7il 
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b. 4a point on the circle tf = 1 in K( Vr), T = P, ep, or € 


; q 
IP = IRA) = -M PA = ~ 
3. Value of thc integral 
sign, (A -4 A1 — t — £71) 
B = p a a 
I£ (4) f [A +f: A1 — tł — mt] d t, 
Ag 
where the integral is taken over the component Ag of the circle ff = 1 in K( ve) 
defined by the condition |é — 8| < 1. Here £ is a point of the circle for which 
IB +1] = 2 - Wad: 





1 sign, » 
18(a) = —— E h f 
P(A) 7-1 pl when |4 41, 
IR(A) = — r , when 4 is a point on the circle sf = 1 in K(V e) and either 





= 1 
|A — B| <lor|a— ŝi <1, 784) = 71 in all the remaining cases. 
Now we have to verify that J(g) = 0 for all the matrices g + e. 
Observe that the integrals in (3) reduce to one of the following 
forms a |v] + b, a |v] + b, a |v- + b, where 


v= at —-2, vw =A, tat +2 


(see the derivation of the formulae). In fact, they can all be 
simplified. The cases 2, — l and å, = —1 are special, because 
then v = 0 and v’ = 0, respectively. Therefore they require a 
separate investigation. Let us show that the functions joj, Jv] 
and |»’| “4, regarded as generalized functions on the group, have no 
singularity for g #e. In other words, (|»| %, f), (PI, f) and 
(\»’|-4, f) are continuous functionals in the subspace of finite 
functions f on G that arc equal to zero in a neighborhood of e.t 
Hence, it follows easily that the generalized function J(g) is 
concentrated at e. 
It is not hard to check that the integrals 


(otf) = ISe) de 


and 
(r1, f) = f 1'1 f(g) dg 


converge in the usual sense for every finite function f(g). Therefore 
it is sufficient to treat the integral 


(oA) «= [lor P4f(e) de. 


v 


+ We recall that when we speak of finite functions, we assume in addition that the 
functions are “‘piccewise constant,” that is, that they are constant in a sufficiently small 
neighborhood of every point g. 
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This integral must be understood in the sense of the regularizing 
value: (\»!~4, f) is the valuc of the analytic function of s 


p(s) = [lot fle) de (4) 
fors = —%. Our aim is to show that if f(g) = 0 in a neighborhood 
of g = e, then the function g(s) has no singularity for s = —%. 


We may assume, without loss of generality, that f(g) is concen- 
trated in a sufficiently small neighborhood of a matrix gy Æ e with 
the eigenvalues A, = 4 = 1. 

We introduce a coordinate system in this neighborhood. The 


a 


matrix g = ( r) belonging to this neighborhood has at least 


Y 
one of the elements £ or y different from zero, say y # 0. Then we 
can take as coordinates in a neighborhood of g, the values y, «, and 
y= a+6—2. In these coordinates the formula (4) for (s) 
takes the form 

da dy 


ly 


But we know from § 1.3 that the only singularity of the generalized 
function !»|* is a pole at s = —1. Consequently, (s) has no 
singularity ats = —%. 

So we have shown that the generalized function J(g) on the 
right side of (3) is concentrated at g =e. Hence it follows that 
I(g) = cé(g), where ¢ is a constant (see § 2.2), and the inversion 
formula (1) is proved. 


dy. 





) =S %7) 


3. Computation of Certain Integrals. We show how to compute the 
integrals that occur in the derivation of the formulae in § 6.2. We take as an 
example 
IWQ) = signe (A +2 = t— #4) 

JA +44 --¢ —27/ 1 td? 
ti=1, |t-1|<1 


d*t (1) 


If |à -+ 3?! — 2| > 1, then for every t, ti=1, |1 —¢#] <1, we have 
sign, (2 > a} — t —17))= sign, (A + 4-1 — 2), 
j4 + 4-32 — t mT] = jA 4 4-1 — 2], so that the integral (1) simplifies con- 
siderably: 
w signp (A + 4™* — 2) om - a — 2) d*t 
WO“ ay j 


We give the details of the most complicated case when JA + 471 — 2] < 1; 
then we have |4| = 1 and |4 — I| < 1. Suppose, for the sake of definiteness, 
that 4 lies on the circle tî = 1 in K( Vp). In the other possible cases the integral 
is computed similarly. According to § 1.8 the clements of the circle tf = 1, 
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jl — t| < lin K(V p) have the following parametric representations: Ìt 


1+ Vpx 1 + px? 2x 
= LL vy, 
1—vVpx l- px 1 — px? 
where x ranges over all the integers in K (that is, |x| < 1). It is easy to check that 
d*t = V4dx, where dx is the invariant measure on K+. 
We can represent A in the same form: 


a -L+ YP% 
1 — Vpro 


Substituting these expressions in (1) and transmitting the variable t to x, we 
find 





. 1 + px? 1 + px? 

signy {2 —— 3 -27>—3 
1 — pxg 1 — px dx 
2V px 
1 — Vpx | 


12) =¥% f 


lz|<1 


1 +p 1 + px? 2 
gt i _ 9 LT PK). 
1 — px 1 — px? 














This expression can be simplified considerably, because the functions sign, x 
and |x| depend only on the first terms of the expansion of x. We obtain 


. 2 2) 
yaya, =g | Sene (Pro = PD gy 2 
p (A) n” f pa? — px] [px"| @) 


fel <1 


Now let us compute this integral. First we add to, and subtract from, (a) 


the integral 
signy (pxg — Px?) i 
“A Í ipx — px?| ps — pe A =% px?" 


la>" 


After elementary transformations we obtain 


2 2 
w E aan signy (P_— px") (p — px ) kk 
I (4) 2 \xol {eee li - x| \x?] Z. (3) 
K hs 


The second integral is easily computed: 


d & dx 1\ 2 1 
“a 2 -ji —= -3k ooo 
Í \x|4 2, i ( yt g4 +q +!) 


lal >1 lal=a 


Now we turn to the evaluation of the first integral in (3). 


1+ yp. 


is an analogue of the Cayley transformation for 
1-— V px 


t The transformation ¢ = 


the field of real numbers, Note that when x ranges over the domain |x| > 1, then ¢ 
ranges over another component of the circle 7 = 1:|1 + ¢| < 1. 
The normalizing factor 14 in the formula for the measure is explained by the fact that 


dx = 1, whereas f d*t = 4⁄4. 


J 
Iz] <1 U=1,)i—t} <1 
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First, we split it into three terms: 


_ fsignp (p — px?) signy (p — px?) 
r= f rey OO J ee 
K |z|>1 
signy (p — px?) signy (p — px?) 
f rey pe (4) 
lzl<1 lzļ=1 ` 
We get} 
dx, dx, signy (1 — x?) 
I= P + signy P PE + signp p -iA dx 
lz>1] jal <1 |z[=1 
1 -1\ (-1 ( signy (1 — x2) 7 
Sargi Va) \a) J aa (5) 
lz|=1 


The last integral can be computed by splitting the set of elements x, |x| = 1, 
into residue classes modulo p. We find 


signy (1 — x?) 1 1 — a2 
Pk O d =A 
f |1 — x?] * q oe q 


[z[-=1 
signy (1 — x?) [ signy (1 -- x?) 
Toe, + mx % (6) 


v 
izi=1,|l--z|<1 \z[=1,|L+2]<1 





Here the sum is taken over the clements a of the finite field O/P of order g, other 
than 0 and +1. A straightforward calculation shows that 


ral) aA) 


On the other hand, it is easy to show that each of the integrals in (6) is zero. So 


we find 
-— |  _/='/)_! =) 
ae gt 1) (7) F) 


Substituting this expression in formula (3) for Z®™ (4) we obtain finally 


2 —] 
may = —f£(-£ 4 {>u 3 7 
Pa =F (45S (a+) -ya say 
To reach precise agreement of this formula with that of the table (p. 213, case 6) 


we observe that 


„lå! 
o VAt? 





and therefore [xg] = g% |A — 1] = q% !4 -p A — 2/4, 


t The integral f |x|-? dx is to be understood here in the sense of the regularizing 


v 
lz] <1 
value, as the value of the analytic function of s, p(s) = |x|" * dx for s = 2; (2) is 
{e}<2 
the Legendre symbol (see p. 213). 
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4. Computation of the Constant c in the Inversion Formula. To 
obtain the value of the constant c in the inversion formula of § 6.2 we apply this 
formula to an arbitrary fixed function f(g) on G. 

Let U be the subgroup of matrices of G whose elements are integers of K. 
Obviously U is compact and is an open set in G. 

We take the function f (g) that is equal to unity on U and to zero outside U, 
and apply the inversion formula to it. 

It can be shown that Tr T (f) 40 only for the representations of the 
continuous series that correspond to the character m(t) = |2|*?. Consequently, 
in the inversion formula for f (g) only the terms corresponding to these representa- 
tions occur. As a result we find 


c = f facro Tr T, (8) diy dg, (1) 


v 
U 


where 7,(g) = ltl’, 


ulr) = — fue |1 — i~? di, (2) 
K 


Now we evaluate the integral (1). We recall that 


aie — |A,|- 
Te Tpl) = 00 Met” — 1h 


[Ap l 
where A, and 4," are the eigenvalues of g; O(g) = 1 when 4,, 171 EK, O(g) = 0 
otherwise. Since |4,| ~ 1 for matrices g belonging to the compact subgroup U, 
we have 


fr T, ,(g) dg =2 foe |A, — Ag" dg. 
U U 
So we see that this integral does not depend on z,. Therefore, 


c= -2 {oe låg — agut dg fue |1 — t dt drg. (3) 
U K 
The second integral in (3) is easily computed: t 


. 2 
fueron — t|? dt da, -5 Í |i — 7? dt = — *. 
K 





1 q-1 
\t{=1 
We do not evaluate here the first integral, but give only the final result: 


--1)(q—1 ‘ 
foe lay = Apt dg — EE 


U 


+ The factor g(q —- 1)-1 arises as a consequence of the chosen normalization of drp. 
For we postulate that 


J rou dt dary == | 


(see § 2.9). 
+ This integral may be computed by representing the matrix g of U in the form 
1 ¢ 
= ( , and taking the elements 


1 0 5 (G 0 
= z-! ôtz, wh = ,ô— , 
g = z`! 6¢z, where z ( , o ) t 0 


z, t, and 2 as paramcters of g. It then turns out that dg = |2, — Agt| dà dl dz. 
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And so we have the final value of the constant c: 


2(¢ +1) 
ar 


5. The Inversion Formula for Connected Fields. We now 
consider the case of a connected field K, that is, the field of complex 
or of real numbers. It can be shown that then the inversion formula 
is similar to that for a disconnected field. 

If G is the group of complex matrices, then the inversion formula takes 
the form 


ble) = | ul) Tr Tale) dr, (1) 


where 
ulr) = efa IL — a2 di., (2) 


The integration in (2) is taken over the complex plane of t; 
the integral (2) must be understood in the sense of the regularizing 
value (see § 2.9). t 

If G is the group of real matrices, then the inversion formula takes the 


form 


Ble) = Sala) Tr Te) dm + Zam.) Te Tale), (8) 
where 
n(n) =e Í m(t) |1 — t~? dt. (4) 
ulm) =c |rt) 1 — ie d*t. (5) 
J 


Here z(t) are the multiplicative characters of the group of real 
numbers, 7,(g) are the corresponding representations of the 
continuous series; 7,,(¢) are the characters of the group of rotations 
of a circle, T,,(g) the corresponding representations of the discrete 
series; d*t is the measure on the circle ł = 1, normalized by the 
condition f d*¢ = 1. 

The inversion formulae (1) and (3) can be derived just as in the 
case of a disconnected field because the integrals in the formulae 
can be evaluated explicitly. We have to verify that the expression 
I(g) on the right-hand side of (1) or (3), respectively, is a function 
concentrated at g =e. After that it is not hard to show that 
Ilg) = c6(g). We omit the detailed derivation of (1) and (3). 





+ We recall that in our notation |z| denotes the square of the modulus of the complex 
number z. 
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Note that the computation of the integral for u(r) leads to 
essentially distinct expressions for the field of complex and the field 
of real numbers. In fact, for the field of complex numbers, every 
character 7() is of the form 


a(t) = prrtelp—n hil? 


where n is an integer and p a real number. Evaluating the integral 


(2) we find 
(a) = 6(p? +n’). 
Now we take the field of real numbers. There are two types of 
multiplicative characters on the real line: the characters 


a(t) = ltl, 
where p is a real number, and the characters 
a(t) = |t|? sign t. 
Evaluating the integral (4) we find that 
ulm) = crp tanh F 
for a character of the first type, and 
mp 


ulm) = crp coth 5 


for a character of the second type. 
On the circle tł = 1 the characters 7,(¢) have the form 


1, (t) = grast, 
Computing the integral (5) we find that 
w(m,) = € Jnl. 
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1. Some Facts from the Theory of Operator Rings in Hilbert 
Space. Here we confine ourselves to the statement of results. Their 
proofs can be found, for example, in Dixmier [14] or Naimark, 
[52]. 

A von Neumann algebra is a ring R of operators in Hilbert space 
satisfying the following conditions: 

1. R contains the identity operator; 

2. If AER, then A* € R, where A* is the operator adjoint 
to A; 
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3. R is closed in the weak operator topology. 

For every set $ of operators in Hilbert space we denote the 
collection of all operators that commute with the operators from S 
by S’. It is easy to verify that when S contains with each operator its 
conjugate operator, then S’ is a von Neumann algebra. If the 
original set S is a von Neumann algebra, then (S’)’ = S. 

A von Neumann algebra R is called a factor if R A R’ consists 
only of scalar operators. Every von Neumann algebra can be 
realized canonically as a direct sum (possibly continuous) of factors. 

If H is a finite-dimensional Hilbert space, then all factors may 
be obtained by the following construction. We represent H as a 
tensor product of two spaces H, and H,: H=H,@H,. For R 
we take the set of all operators of the form A © 1. Then R’ consists 
of the operators of the form 1 ® B, and the intersection R N R’ 
obviously contains only scalar operators. Of course, this construc- 
tion is also applicable to infinite-dimensional spaces. But in an 
infinite-dimensional space not all the factors can be obtained in this 
way. Those that can be obtained are called factors of type I. 


It is customary to classify factors by the structure of the set of projection 
operators in the factor. Factors of type I are characterized by the property that 
they are all minimal projections in this set (corresponding to operators of the 
form P Q 1, where P is a projection operator of rank 1). 

In factors of type II there are no minimal projections, but there are so- 
called finite projections, that is, projections that are not adjoint to their regular 
part. 


In factors of type III there are neither minimal, nor finite projections. 


A representation T of a group G is called a factor-representation 
if the ring generated by all the operators T(g), g € G, is a factor. 
We say that a group G belongs to type I if each factor representation 
of it is generated by a factor of type I and is, therefore, a multiple 
of an irreducible representation. 

Let G, and G, be two groups and 7 an irreducible representa- 
tion of their direct product G = G,-G,. We denote by R; the ring 
generated by the operators T (g), g €G,< G. Then R; A R} = {AE} 
by the irreducibility of T. Moreover, R, € Rj, because the elements 
of G, and G, commute. Hence, it follows that 


R, ORS REAR, = {2B} 


so that R, is a factor. The same is true for R,. 

If at least one of the groups G, and G, is of type I, then the 
restriction of T to this group is a multiple of an irreducible represen- 
tation. In this case it is easy to show that the representation T is of 
the form T: © T, where T, are representations of G,. 
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In the general case this is not true. One of the simplest examples can be 
constructed as follows. Let G be a countable discrete group in which each class 
of conjugate elements, except the unit class, is infinite. (An example of such a 


a b 
group is the group of rational matrices of the form ), or the group of 
0 1 


permutations of a countable set that shift only a finite number of points.) We 
consider the representation T of G - G in the space L?(G) given by the formula: 
T (81> 82) f (€)) =f (er 'gge). This representation is irreducible, but cannot be 
written in the form T, @ Tp, where the T; are representations of G. The restric- 
tion of T to G is not a multiple of an irreducible representation and is a factor of 
type II. 


We now assume that the irreducible representation T of G = G,- G; 
has the following property. 
There exists a function yp € L,(G, > Ga) of the form 


P(E» 82) = Pl) Poll) 
Jor which 


T(9) = | olen gs) T (en gi) der des 


is a nonzero completely continuous operator. We show that then T is a 
tensor product of irreducible representations of G, and Ga. 

First we observe that when g satisfies condition (A), so does 
the functiont y = » * y*. It also is of the form y,(g,)y2(g2), where 
p; = p * o*. The operators A; =f y,(g) T(g) dg are nonnegative, 
commute with each other, and their product is completely 
continuous. Hence, it is easy to deduce that cach operator A; has a 
pure point spectrum. Furthermore, if H, is an eigenspace for A; 
corresponding to a nonzero eigenvalue, then the intersection 
H, A H, is finite-dimensional, because all the vectors in this inter- 
section are eigenvectors for AÁ, with nonzero eigenvalucs. The 
projection operator P, onto H, belongs to the factor R, generated by 
the operators T(g), g eG, It is well known (see, for example, 
Naimark [52], Chapter 2, §3) that every factor R has the 
following property: if the operators X and Y lie in R and R’, 
respectively, then the product XY is zero if and only if one of the 
factors is zero. 

Among all the nonzero projection operators in R, we now 
consider an operator P for which the rank of the product P,P takes 
the smallest valuc. (The existence of such an operator P is guaran- 
teed by the fact that the rank of P,P, is finite.) We show that P is a 
minimal projector in R,. For if P can be represented in the form 


+ We use the standard notation for the operators of multiplication and involution in 
the group ring of G. See, for example, Naimark [52]. 
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P’ + P”, where P’ and P” are orthogonal projectors in R,, then at 
least one of the operators P,P’ or P,P” has a rank less than P,P, 
which is impossible. Hence, R, is a factor of type I. As we have 
seen above, this implies that T is of the form T, ® Ta, where T; 
are irreducible representations of G,. 


2. The Connection Between the Unitary Representations of the 
Group G of all Nonsingular Matrices of Order 2 and the Subgroup of 


a b 
Matrices of the Form o i} In this and the next subsections we 


establish some properties of irreducible unitary representations of 
the group of matrices of order 2 with elements from a disconnected 
topological field K. It is convenient to consider instead of the group 
G of unimodular matrices the group @ of all nonsingular matrices. 
The transition from Ẹ to G proceeds without difficulty (see 5). 

In @ we consider the subgroup G, of matrices of the form 


a b 
Zav = (| o} Our object is to prove the following proposition. 


THEOREM 1. Every unitary irreducible representation T(g) of G 
remains irreducible upon restriction to Go. 

We enumerate the unitary irreducible representations of Gy. 
All but one are one-dimensional and are of the form Y (ga ») = 7(@), 
where m is a multiplicative character of K. The only infinite- 


dimensional irreducible representation is realized in the space 
L?(K*, d*x) and is of the form 


U (8a) p(x) = x(bx) plax), 


where y is a fixed nontrivial additive character of K. 

The proof of the fact that there are no irreducible unitary 
representations of G, except the ones listed above proceeds by a 
standard device of the theory of induced representations, and we 
omit it. 

Lemma. The restriction of T to Gy is a multiple of an irreducible 
representation. 

Proof. The restriction of T to Go, like every unitary representa- 
tion, may be realized in the form of a direct integral of irreducible 
representations. 

First we assume that in this expansion the one-dimensional 
representations form a set of positive measure. Since the elements of 
the subgroup N = {g1 »} map into the unit operator under one- 
dimensional representations, the space H of T contains a vector & 
that is invariant relative to T(g), g € N. We assume that ||] = 1. 

We consider the function F,(g) = (T(g)é, €). Clearly, this is 
a continuous positive definite function on G, and constant on the 
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. a f ad — By 0 
double cosets of N. Since the matrices and 
Y 


y 1 
for y Æ 0, lie in the same coset, we find 


Aly adn” a) 


By passing to the limit, as y — 0, we obtain 


Ally AlE a) 


a 
In particular, for 6 = «-! we have A((’ ")) =: J, 
a- 
Hence, it follows that the vector & is invariant relative to the sub- 


x 
group K of matrices of the form g = ( f ) In fact, for such 
matrices g we can write 0 a? 


"T(g)é — El? = (T (8)E = & T(g)é — £) = 2 — 2 Re F(z) = 0 


But then the function F,(g) must be constant on the double cosets of 
a P 
K. It is easy to check that for y 4 0, x # 0, the matrices ( ) 
xð — By AÀA.. Y 
and i lie in the same coset. Therefore, 


AEA 2” *) 


Passing to the limit, as x — 0, we find 


Ally aa" 0 aD) 


In particular, for every unimodular matrix g we have F,(g) = 1. 
As above, it now follows that T (g) = & for every unimodular 
matrix g. 

We denote by H, the subspace of H that consists of the vectors 
invariant under the unimodular subgroup. A simple computation 
shows that H, is invariant under all the operators T(g), ge @. 
Since H is irreducible, we must have H, = H. So we see that T is 
trivial on the subgroup G of unimodular matrices and can therefore 
be regarded as a representation of the factor group G/G. Since this 
is a commutative group, T must be one-dimensional. But for one- 
dimensional representations our lemma and Theorem 1 are trivially 
true. 

Now we consider the second case, when there are no one- 
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dimensional representations of G in the expansion of T. Since Gy 
has only a single representation U that is not one-dimensional, in 
this case the restriction of T to Gy is a multiple of U, and the lemma 
is proved. 


From these arguments we can derive the following more general proposition: 


If T is a factor representation of G, then its restriction to Gy is a multiple of an 
irreducible representation. 


For the only place in our arguments where we have used the irreducibility 
of T is the proof of the equation H, == H. For a factor representation this equation 
can be proved as follows. We denote by P the projection operator onto Hy. As 
we have mentioned above, P commutes with all the operators T(g) and hence 
with all the operators from the weakly closed ring R generated by T(g). Itis not 
hard to verify that P also commutes with all the operators of the ring R’ consisting 
of the operators that commute with the elements from R. Therefore PE R O R. 
But by definition of a factor representation the rings R and R’ are factors, that is, 


the intersection R ^ R’ consists only of scalar operators. Therefore P == E and 
H, = H. 


It is advantageous to go over to another realization of the 
representation U, by considering instead of functions on K* their 
Fourier transforms on the dual group II. 


In this realization the representation operators take the form 


U (os) plm) = frz) Perri ala) pm) da 
for b Æ 0, and 
U (gao) (7) = (a) g(r). (1) 
From the lemma it follows that the restriction of T to Go 
is given by the same formulae, only instead of ordinary functions we 


have to consider vector functions with values in a certain Hilbert 
space L. 


Furthermore, when g lics in the center of G, the operators 
T(g) commute with all the representation operators and are there- 
fore multiples of the unit operator. Hence, it follows that if 


4 0 
d, = H ) then T(d,) = 79(A)E, where r is a fixed character 


—1 
on K*, We denote by s the matrix ( a} From the identity 


584,05? = £o-1,9 da it follows that T(s) is of the form 
T (s) p(7) = s(7) (707); 


where 5(7) is a function on II whose values are unitary operators in L. 

Now we observe that the irreducibility of T'(g) implies that of 
the set of operators s(7) in L. For if L is a subspace of L invariant 
under all (or even almost all) s(7z), then the subspace H, = H 
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consisting of the vector functions with values in L, is invariant under 
the T(g), g£ € Go and under T(s). But the subgroup G, and the 
element s generate the whole group G. Therefore H, is invariant 
under all the T(g), and this contradicts the irreducibility of H. 

To prove Theorem 1 it is now sufficient to show that the 
operators s(7) commute with each other. Then the set s(7) is 
irreducible only when L is one-dimensional, and so the restriction of 
T(g) to G, coincides. with U. The identity sgyis = 81-1581,-1 
reduces to the following condition on s(7): 


5( 74) T\(ay7727751)5( 72) 
= m(—1)ra(— 1) | Plorazts(n) Perag) dr, (2) 


from which it follows immediately that s(7,) and s(7z,) commute for 
almost all pairs (71, 72). The proof of Theorem 1 is now complete. 


3. Theorem on the Complete Continuity of the Operator 7. 
Here we show that the group G is of type I so that all unitary factor 
representations of @ are multiples of an irreducible representation. 

For this purpose we prove the following stronger proposition. 

THEOREM 2. If T(g) is an irreducible unitary representation of 
G, and y a summable function on G, then 


Tp =( ple) T(e) dg 


v 
is a completely continuous operator. t 
Proof. Let i; be the generalized function on @ given by the 


formula (plof) = q" J f(ga,»)9-1(a) d*a db, where 6 is a multi- 
plicative character and the integral is taken over the set 


a b 
Ea = 01 ’ lal = l, lbt <q". 


We set Pro = Vie — Prao- It is not hard to check that U,,¢ 


is a projection operator on the one-dimensional subspace of L?(K*) 
generated by the functions 


e(a) = (O(y) for |x| = g, 
at 0 for |x| 4 q. 


Obviously, the set of functions €y, forms an orthogonal basis 
of L?(K*). 
Now let M be the set of all functions p e L*(@) for which the 


+ Groups for which this statement is true are called CCR-groups, following 
Kaplansky who first singled out this class of groups and proved that they are of type I. 
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operator Ty has finite rank. Clearly, M is a two-sided ideal in 
L(G) and contains all functions of the form pra */, f€ L(@). 
If u € L(G) is a functional on L(G) that is zero on M, then the 
function u and all its translates have the property u * Pr = 0. 
Hence, u = const and the closure of M contains all the functions on 
L1(@) whose integral is zero. 

On the other hand, there are functions on M with a nonzero 
integral, for example the characteristic function of U (see the next 
subsection). Therefore, Ñ = L(G). So we have shown that every 
function p € L1(@) may be approximated in the norm of L1(@) by 
functions from M. Hence, the operator Tp may be approximated 
(in the sense of the topology defined by the operator norm) by 
operators of finite rank and is, therefore, completely continuous. 
The proof of the theorem is now complete. 


4. The Decomposition of an Irreducible Representation of Ẹ 
Relative to Representations of its Maximal Compact Subgroup. The 
Theorem on the Existence of a Trace. Our object is to prove the 
following proposition. 

THEOREM 3. Let T(g) be a unitary irreducible representation of 
G. In the decomposition of the restriction of T(g) to a maximal compact 
subgroup U = Q every irreducible component has finite multiplicity. 

Proof. We are going to use results obtained in the proof of 
Theorem 1. We have seen that the representation operator T (s) 


—l1 
corresponding to the matrix s = ( ) has the following form in 
the z-realization: 1 0 


T(s) e(7) = s(7) p( mor), (1) 


where ~ ranges over the character group II dual to K*. Here the 
function s(7) satisfies the following relation: 


slm) (mimang S(T) = mml -1)f T\(aay')s(ar) (mrz) dr. (2) 


We expand s(7) in a Laurent series and find the relations for 
the coefficients of the expansions. 

We recall that according to § 2.6 every character is given by a 
complex number 4, |4| = 1, and a character 0(y) defined on the 
group O* of elements of norm 1. It is expressed by the following 
formula: if x = p*y, |y| = 1, then 


a(x) = AOC»). 


We substitute in (2) the expansions of s(7) = s(A, 6) and of 
T(r) in Laurent series 
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Then we obtain the following relation for the coefficients 5,(6):+ 
(1 — 971) È Serm(61) D_m( 9182657) Ag'5::m( 92) 
= 010a(—1) Z V_1(007*)541(8) P1082"). (3) 


We investigate this condition by taking account of the following 
formulae for the coefficients of [',(@) obtained in § 2.6. 
If the rank of 0 is m > 0, then T',(6) = 0 for all k 4 —m; 


|T_m(8)| = go", 
If the rank of 6 is 0, that is, 0(x) = 1, then 
q7! for k < —1, 
r0) ={ =g! fork = —1, 


1 — q7! fork > —1. 


First of all, by taking (3) for fixed 6,, 6,, / and sufficiently large 
positive k, we sec that the right-hand side is 0, and for 0,, 0. 4 0, the 
sum on the left-hand side reduces to a single term in which m is 
the rank of 6,0,051.{ Hence, it is easy to derive that for cach 0 the 
coefficients s„(0) vanish for sufficiently large positive k. 

Secondly, if k <0, 1 <0, 0, # 9%, 0102 A Oo, then it follows 
from (3) that S44m(91)514m(92) = 0, where m is the rank of the 
character 6,0,051. We assume that for some 6, and some n < 0 the 


find that for all 6., other than 6, and 6,6;', the coefficients 5,, (42) 
are zero for 1 <0. So we have shown that for all 6, except possibly 
the one pair 6,, 9,8;1, among the coefficients s,(0) there are only 
finitely many different from zero. Finally, for the excluded charac- 
ters 6, and 0,07! we easily obtain from (3) a recurrence relation 
between the s,(8) from which it follows that |s,(@)| decreases like a 
geometric progression as k — — œ (see 6). 

From all we have shown it follows that the function s(n) = s(A, 0) 
is infinitely differentiable with respect to A for every 0. 

Now we are in a position to prove Theorem 3. We note first 
that all the maximal compact subgroups of @ are conjugate to the 
group U consisting of those matrices g for which the matrix clements 
of g and of g~! belong to O. U has a family of normal subgroups 
U,, consisting of the matrices that are congruent to the unit matrix 
modulo p”. 

Obviously, U itself as well as the subgroups U,, are open subsets 


of @ and form a complete system of neighborhoods of the unit 
element of G. 


+ Throughout we denote by (2o, 99) the components of the character mo. 
+ For the definition of rank see § 2.6. 
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It is easy to check that every irreducible representation of U 
is trivial on U, for sufficiently large n. 

We denote by H, the subspace of H consisting of the vectors 
that are invariant under the operators T (g), g e Un. Theorem 3 is 
equivalent to the statement that all these spaces H, are finite- 
dimensional. 

First, we find the space H? © H, consisting of the vectors that 
are invariant under the T(g), g € U, O Go This is very casy if we 
use the original realization of the representation of U. We only 
state the final result. 

The space H? consists of the functions p(n) = > y,(6) A*, satisfying 
the condition p,(0) = 0 if (rank 6) > nork < —n. 

Since sU,s-1 = U,, H,, is invariant under T(s). Therefore, 
if g(r) €H,, the functions g(7) and T(s) g(r) = 5(7) pror?) 
both satisfy the conditions stated above, or both fail to do so. The 
fact that H, is finite-dimensional now follows from the infinite 
differentiability with respect to A of the function s(7) = s(A, 6) and 
from the following easily verified proposition. 

Let s(A) be an infinitely differentiable function on the unit circle A and 
|s(A)| = 1. Then the space L?( AN) contains only a finite number of linearly 
independent functions (A) satisfying the conditions : 

l. The function p(A) is orthogonal to 2* fork < —n. 

2. The function s(A)p(A) ts orthogonal to 2* fork >n. 

The proof of the theorem is now complete. 

Observe that in the proof of Theorem 3 we have nowhere used 
the maximality of the compact subgroup. In fact, it is sufficient to 
postulate that the compact subgroup U contains all the subgroups 
U, for sufficiently large n, in other words, that it is an open compact 
subgroup of G@, Thus, Theorem 3 remains valid for every open 
compact subgroup U of G, in particular, for each of the subgroups 

COROLLARY. If p belongs to the space S of finite piecewise constant 
functions on G, then the operator Tp = § olg) T (8) dg has finite rank. 

Proof. For each function g in S we can find an n such that » 
is constant on the double cosets of U,. Hence, it follows that for 
every x in the representation space H and every g € U,, we have 


T(g)T, = Tp 


So we see that the domain of values of the operator Tọ lies in 
the space H,, consisting of the vectors that are invariant under U,,. 
The fact that H, is finite-dimensional was established in the proof 
of Theorem 3. 

From what we have shown it follows that the operator T, has 
a trace, and that this trace is a linear functional in S. This fact can 
also be stated in the following way: 
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For every irreducible unitary representation T(g) of G whatever the 


trace Tr T(g) of the operator T(g) exists as a generalized function in the 
space S. 


5. Representations of the Unimodular Group. Let us show how 
we can carry over the Theorems 2 and 3, which we have previously 
proved for the full matrix group G, to the group G of matrices with 
determinant 1. Here we confine ourselves to the case when the 
group W = K*/(K*)? is finite. In § 1 it was shown that if the finite 
field L = O/P has characteristic other than 2, then W is of order 4. 

If the field L has characteristic 2 and K characteristic 0 (as 
for example, in the important case of the field of two-adic numbers), 
then G is also finite. For the series 
2 (2n — 1)!3 


(1 — x) =1 -2 Opn" 


<1. Therefore (K*)? contains O* for sufficiently 








converges for Z 


large n. Furthermore, all the even powers of the generator p occur 
n (K*)?. Hence, the order of W does not exceed the order of the 
finite group Z, - O*/O%. 

But if K has characteristic 2, then W is an infinite group (it is 
isomorphic to the product of a countable number of groups Zə). 
We exclude this case from our discussion, although even here one 
can prove that G is of type I. 

Let G be the set of all irreducible representations, identified up 
to equivalence, of G. The group G acts in G in the following way. 
If Te G, g €G, then we set T(g,) = T (ggg). Clearly, T™ is 
also an irreducible unitary representation of G. We consider the 
stability subgroup of the point T eG. Clearly, this subgroup 
contains G, because if geG, then T®(g,) = T(g)T(g,)T “(g), 
from which it is obvious that T and T? are equivalent. Further- 


A 0 
more, all the matrices of the form g = ( j belong to the stability 


group, because for such g the representation T? simply coincides 
with T. 

Therefore the stability subgroup contains all the matrices of G 
whose determinant belongs to (K*)?. Since we have assumed that 
K*/(K*)? is finite, the orbit of T under the action of @ consists of a 
finite ome of points 7,, T,,..., Tẹ Let Ha, H,,..., H, be 
the spaces in which these representations act. Then we can n give in 
the direct sum H, © H, -> @ H, an irreducible representation 
T" of Ë whose restriction to G leaves every H; invariant and coincides 
in this subspace with 7;. 

Theorems 2 and 3 for T now follow easily from the same 
theorems for T”. 
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6. Classification of all Irreducible Representations of G and G. 
Condition (3) in 4 enables us to give a complete classification of all 
irreducible unitary representations of G and G. 

THEOREM 4. These are no irreducible unitary representations of G 
other than representations of the principal, the supplementary, and the discrete 
series, together with the special and the unit representation. 

We find it useful to prove an analogous theorem for G. We 
give a list of the representations of this group, where g denotes the 


matrix C ‘ eG, 
y ô 


1. The continuous series consists of the representations T,, ,, 
where 7, and 7, are unitary multiplicative characters of K. The 
representation space is L?(K, dx) (see § 3.1), and 


ad — By\ lad — Byl (ax + 
Tang) S (2) = mi (Bx + OA px + 7) [8x + ôl (FZ + i). 


2. The supplementary series consists of the representations 
Vao» Where 7o is a unitary multiplicative character of K, and p a 
real number from the interval (0,1). The representation space 
consists of the functions on K with the scalar product (see § 3.7) 





od = [AOR bw -31 de d. 
The representation operators act according to the formula 
|ad — pyi (= + z) 
Bx + dP?" \Bx + 6/° 


3. The singular series consists of the representations S,, where 
mq is a unitary multiplicative character of K. The representations of 
this series act in the space of functions on K for which f f(x) dx = 0, 

K 


V ool 8)f(*) = Tolas — By) 





and the scalar product is given by the formula (sec § 3.8) 


(ve) = [AOR In bx — 3 de d. 


The representation operators are of the form 


ad — 
Sif (x) = (2d — By) ae I ber e(r), 


4. The discrete series consists of the representations U,,„m 
where ro, I are unitary multiplicative characters of K and K(V7), 
respectively. The representation acts in the space L?(K, dx) 
according to the formula (see § 4.1) 
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Uag) S(x) 

fKelEDE) b, when £ + 0 
14 

mo(ad) sign, (a) II (a71) è| (72) o(“), when $ = 0. 


The kernel K (g | x, y) is different from zero only for sign, (xyA) = 1 
and has the form 





K(g | x, 9) 


= agma) AŽ (AEP) f (AEE eam, 





=yjdz 


where we have set A = «6 — By. 
5. The degenerate series consists of the one-dimensional 


representations 
W,,(8) = To(x — By), 


where 7, is a unitary multiplicative character of K. 

THEOREM 4’. There are no irreducible unitary representations of 
G other than the representations listed above. 

Proof. First we consider a finite-dimensional representation T 
of G. The operators P, = = T(g) dg are obviously self-adjoint 


projection operators in the representation space H of T. Further- 
more, since the subgroups U, form a complete system of neighbor- 
hoods of the unit element of G, the sequence {P,,} strongly converges 
to the unit operator. t 

In a finite-dimensional space this is possible only if for all z 
after a certain n, we have P, = E. But this means that all the 
vectors in H are invariant under U,,. The kernel of T is a normal 
subgroup of Ẹ containing U,. Hence, it follows that the kernel of T 
contains the whole subgroup G. Therefore, T is, in fact, a 
representation of the factor group G/G. 

The latter group is commutative and isomorphic to the 
multiplicative group of K. Hence, the only finite-dimensional 
unitary irreducible representations of @ are the representations 
Wz,» which form the degenerate series. 

Now let T be an infinite-dimensional irreducible representation. 
As we have seen in 2, the restriction of T to G is also irreducible 
and coincides with a certain fixed representation of G, given by the 
formulae (1). 


+ We recall that U,, consists of all matrices that are congruent to E modulo p*0. 


234 GROUP OF UNIMODULAR MATRICES OF ORDER 2 


~ 0 —l 
Since Ẹ is generated by G, and the matrix s = ( a) T is 


given when we know the operator T (s). This operator, as was 
shown in 2, has the form 


T(s) g(r) = s(7) p(roT?), 
where s(7) is a function on the set II of unitary multiplicative 


characters of K that assumes complex values of modulus 1. The 
character m, in this formula is determined by the equation 


ô 0 
T(d,) = 7(A)E, where d, = K i) Now we give explicit 


expressions for the functions s() corresponding to the series of 
representations listed above.t The symbol mọ denotes the 
non-unitary character m(x) = |x|. 


1. T = T, a Tepresentation of the principal series 
s(a) = myme(—1) Pa aytagy) P(r tata). 
2. T=V,,,,. a representation of the supplementary series 
s(a) = D(a arom) T(m tom 1-p))« 
3. T=S,, a representation of the special series 
s(x) = D(a tag) D(a tm). 
4. T =U, n, a representation of the discrete series 
slr) = cT,(7,), 


where T, is the Gamma-function of K( V7) and ~, the nonunitary 
multiplicative character of this field given by the formula 


a(z) = MHz) mgmt ayy(ZZ). 


To prove Theorem 4 it is enough to verify that the functional 
equation (2) derived in 2 has no solutions other than the ones listed 
above. We shall do this in the following way. 

First, we explicitly find all the solutions of this functional 
equation that have in their expansion as a Laurent series 


s(7) = s(å, 0) = 2 4(9) as (1) 


at least one nonzero coefficient for a nonpositive power of 2. It 
turns out that all such solutions are connected with the represen- 
tations of the principal, the supplementary, and the singular series. 
The remaining solutions cannot be given in explicit form, but it can 


+ Observe that it follows immediately from these formulae that the representations 
Tremp and Trz, m, are equivalent, and also the representations V;,,9 and Vz.,1-p- 
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be shown that in the representations corresponding to these solutions 
the matrix elements are square-summable on G. Hence, it follows 
that the associated representations occur as discrete terms in the 
decomposition of L?(G) into irreducible components. The Plancherel 
formula derived in § 6, which gives the decomposition of L(G) 
into representations of the fundamental and the discrete series, then 
shows that the remaining solutions of our functional equation are 
connected with the representations of the discrete series. 

Now we carry out this program. 

We recall some results of 4. The fundamental functional 
equation, in terms of the coefficients of the Laurent series, has 
the form 

6,6. 
(1 = tpl) E Seem (1) Tm (72) (BA) 
m 0 
0 6 
= 0,0,(—1) > a(r) (2) 
8 1 2 


The coefficients s,(0) have the following properties. For each 
0 there exists a number p(@) such that s,(6) =0 for k > p(6). 
If only a finite number of the coefficients s,(@) is different from zero, 
then 5(A, 0) = Spa (0) + 4° (that is, only one coefficient is different 
from zero; this follows easily from the fact that |s(A, 0)| = 1 for 
[a] = 1). 

We use the notation 0* = 0,0-1. Then s,(0*) = 5,(4). 

We call a character Ô exceptional if among the coeflicients 
s,(0), k < 0, there is at least one different from zero. We have shown 
that these are not more than two exceptional characters. We 
treat three cases separately. 

1. There are two distinct exceptional characters 6, and 6f. 
Let s_,(9:) #0, n >0. Let 6, be any character other than 6f. 
We denote by r* the rank of the character a = a . Then the 

0 1 


sum on the left-hand side of (2) reduces to the single term 


0, 0, 
sevro( 1) Pana 22) 25r4re( 0) 
1 


We set k = —n — r*. Then the sum on the right also reduces 





6 . 
to a single term, because T, (5) is different from zero only for 
1 


0 = 6,. So we obtain the equation 


(1 — |pl)s-»(6,) r,.(72) Asr (0a) 
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Since T,.,2(1) = 1 — |p|, we have 
6 
0,0 —1)51-n-a(,) P_.( 74) 
srel) =. —. (4) 
sal) Pe (2) 25 
a, 


In particular, if 6, 4 6,,, then 5,,,.(0,) differs from zero only when 
lis the rank of i, , which we denote by 7. 
Finally, if 6 is a character other than 0, and 6f, then 


6, 
s(a, 0) = 66,(—1) ieor) ar", (5) 


0 \ ppo 
S—n(01) r(A) 4G 


. 6 

Now, we set 0. = 6, in (2) and denote by 7, the rank of gF . Ifat 
1 

least one of the numbers k or / is nonpositive, then the sum on the 


right-hand side reduces to the single term with 0 = 6,, and we 
obtain the equation 





0, 
(1 — IP!) Sn4r,(9 1) Ag Paha) = T_,(1)5,,1(81) P_.(1). 
After the substitution 5,(9;) = oe,,-4 1 = Ip this becomes 
the relation r (72 :) Io 
~o\ 9 
Orii for k > fo l >To 
_}]_ Il _ 
0,0, = i ipl for k =r — 1l, l=n, 
0 fork <7r,—1, Lre 


From this the quantities o, can easily be found. We only state 
the final result. There exists a complex number 7 such that 


k 
o, = Pane . For s,(0;) we now derive the expressions} 
a(l) ree ° 
5,(91) = = 0o(—1) — rp » (6) 


Te, 
aor Ag) 


+ Here, and subsequently, we use the identity I',(6) = 0(—1)T,(@-*) (see § 2.6). 
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whence 

OF 
P,,-x(1) Aereo DP a (2) 
s(A, 0) = > 09( —1) = 
(2, 3) = %(—1) ADE 


= F %(=1) Ppa) og r_,(2 RE)” (7) 


Substituting the value of s,(1) from (6) in (5) we find that for 


6, other than 6, and 0¥, 
qt l (2) Arir* 


LP, (5) a7 
cr (8) TE o 


Note that |s(å, 6)| = 1 is equivalent to |r| = |p|”. 
Now we compare these formulae (7) and (8) with the previously 
derived expression 


s(a) = mima —1) P(r yt) Tim tet y4)) (9) 


for the function s(7) corresponding to the representation T,, ,,. 
We denote by m, and 7, the characters with the coordinates 


Ao Ip . 
(t |p|-%, 0,) and (ei , at), respectively. It is not hard to 





s(A, 0) = 66,(—1) 


check that for these m, and ~, the formula (9), rewritten in the 
coordinates (A, 0), turns into (7) and (8). 

So we have shown that all the solutions of the functional 
equation (2) having two exceptional characters are connected with 
the representations of the principal series. 

2. There cxists only one exceptional character 0, = 6. We 
may assume that 6, == 1. For it is easy to verify that the function 
§(ar) = s(w7) satisfies a functional equation of the form (2) in which 
mo is replaced by zy#~*. If the excluded character for s(7) is 6, then 
for 5(7) it is 00-1, The same argument shows that we may confine 
our discussion to the case A, = 1. 

After the substitution 6, = 1 the fundamental equation (2) 
takes the form 


(1 — pl) EÈ Sear(1) P_,(62)514-(2) 
T 0 
= 0-1) F POOT). 0) 
In particular, if k < 0 and the rank of 9, is r} 4 0, then we obtain 


Srara(l) P_,,(42)5, trz(92) = Oal —1)5p41(1) V_1(62")- 
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The right-hand side of this equation can be different from zero 
only when / = rank of 0;* = rẹ Choosing a nonpositive k such that 
Siyr,(1) # 0 and setting / = r, we find 


8a( —1) V_,,(93") 
T (82) ' 


So we have found the coefficients s,(0) for 0 -4 1. Now we set 
k > 0, l =r, in (10) and separate on the left-hand side the term 
corresponding to 0 = 1: 


(1. = !p1)suyeg( 1) P01) Stng(O2) 
= Oy —1) Pa(1) Sey eg(1) Pn (654) 
0 
+ 6-1) F POs al) 


Substituting here the value of s,,,(82) found above, we obtain 


Sean (D PpO = Pl = PC) = F POs) Tanla): 


Sor, (0a) == 


Since k > 0, the coefficient of 5,,,,(1) on the left-hand side is different 
from zero. We write the conditions under which at least one term 
on the right-hand side may be different from zcro: 


k = rank 0; k -|- rg = 2(rank 6); Ta = rank (7). 
2 
Hence, it follows that k = rank 0 = r, = rank(Ż), and that 
2 
Sr4r,(1) can be different from zero only for k = r} Consequently, 


5,(1) = 0 for n > 2, because every n > 2 can be represented in the 
formn =k + Ta k £T} Forn = 2 the expression on the right may 
be summed explicitly, and we find 


, {9 
rt s() 
s1) = X 6(-1) —————- = Ip. 
e( ) 2 ( ) r (033) |p! 
Note that all the coefficients we have found so far arc uniquely 
determined and do not depend on the representation in question. 
To determine the remaining coefficients 5,(0), k < 2, we set 
6, = 9, = 1 in the fundamental equation (2) and assume that at 
least one of the numbers & or l is nonpositive. Then we obtain the 
equation 
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But by virtue of the condition |s(A, 0)| = 1 the coefficients s,(6) 
satisfy the relations: > 5,,,(0)s,,(0) = ôr Hence, 


Ip| 
P Sra(l)Si (1) — 2 Seir()Srer(1) + Ôr 





ZI + Jp 
_ I-T) 
= 1 — Ipi Spoil). 
Here we sct / = 0 and take into account that s,(1) = 0 for r > 2: 
IP| 
rye Se A) = Spya(1)si(1) 
r_,(1 
= Se(1)Sa(1) + Bro = HS (1). 
In particular, for k = 0 we find 
si(l) 
gol) + —== = 1 ~- Ip? 
and for k < 0: 
1 l . 5,(1) I _ 
Sell) + Spar) T- Sp-2(1) |p| = 0. 


So we have obtained a recurrence relation for s,(1). It has the 
general solution 
s,(1) = Art + Br fork <1, 


where 7, and 7, arc two complex numbers linked by the condition 
TiTa = |[pl-*. 


Hence, 
s(a, 1) = X s,(1)4ë = |p] 2? -i- È (ArkAR + BrbA*) 
k kel 


Adry, Bir, 
1 — 21t 1 — Atr; 
Oil Ah) 
(1 — A774) (1 — A-'751) > 
where « and f# are two complex numbers depending on A, B, 7, 
and rẹ The condition |s(A, 1)| = 1 is satisfied only when « = 7;" 
B = 73) or a = 73', p = 7,1. In this case we find 

(1 — 277") (1 — Azz) 
FT — Pe) 


Let '7,| ='pl?; by m, we denote the character with the 


= |p| 2? + 


> 


s(å, 1) = 


. T Aas . . . 
coordinates {— , 1}. Then our function s(r) may be written in 
the form Tı 


s(n) = T(m Tomp) T(m imona-p). 
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We see that a representation corresponding to this function 
belongs to the supplementary or the singular series. 

3. There are no exceptional characters. 

We show that then the matrix clements of the representation 
are square-summable on G. In the representation space of T 
(in the z-realization) we choose a basis consisting of the 
function ¢, 9: 


(4, 6,) AF for 6, = 9, 
e > == 
woo Xo jo for 0, + 0. 


In this basis the representation operators have the form 
T (8a,0)z.0 = O(%)ex--n.0 for a = « |p|", x € OF; 


Tleraera = (1 — IPDS Paal) Ore (11) 


for b = B |p|", p e O*. 
T(s)ex9 = È 5,(8*) Afro” 
Almost every element of G can be written in the form 
8 = ga 081 b E1, bpa, 0" 

The invariant measure on G with parameters a, b, b is 
du(g) = d*a db, db. 

We examine the domain D(n, mı, m) on G given by the 
conditions 


a = pa, by = p™ Bi, be = p™ Bs where a, bi Be E€ o*. 


Using (11) we can write down the following expression for the 
matrix elements of T (g), with g e D(n, mı, Ma); 


(T (8) 41.039 Ces, 09) = (a, bı, ba) 
= (1 — |pl)-? 2 Oo( Be) O2(%B5*) O;( —«-7B,) A" 


Payim-alg) Povete-a( ge) sna) (12) 


We investigate under what conditions on n, mı, m, this 
expression may be different from zero. 

First let n be fixed. There are only finitely many characters 0 
for which Sp, 4,-2n(9) # 0. 

Indeed, the arguments we have alrcady used in the first and 
second case show that for all 0, except possibly finitely many, 


5(2, 0) = So¢9)(0) > 2°, where p(6) = 2(rank 6) (13) 

Our assertion now follows from the fact that the number of characters 
of a given rank is finite. 

Next, since the rank of 0 is bounded and the ranks of 0, and 
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6, are fixed, for negative m, or m, of sufficiently large absolute value 
the coefficients of the Gamma-function on the right-hand side of 
(12) are zero. This means that for every fixed n the domain of the 
group on which our matrix element is different from zero has finite 
volume. For all sufficiently large positive n we may use (13) to 
obtain a more accurate estimate, which shows that this volume is 
bounded by a constant independent of n. 

So far we have nowhere used the fact that there are no excep- 
tional characters. 

Now let us take this into account. First of all, it implies (by the 
definition of exceptional characters) that 5,(0) = 0 for k <0. 


ky + kə 





This means that forn < our matrix element g vanishes. 


In investigating the summability of gm we need therefore 
consider only the domain z > N, where N is a sufficiently large 
positive number. Here we may use (13) and assume that the rank 
of 0 is greater than that of 0, and of 63. Hence it follows that 

ka —k 
the right-hand side of (12) is different from zero only for m, =— 5 L 


k — 


Ma = hoh and has the form 
Palæ Bis Ba) = (1 — |pl)~?O0( Bs) 1( — apr) 0al apa) Age” 

5 (5) rahi) Er Basal), 
where the sum is taken over all the characters of rank 





Then, 


la Bx» Ba)l® = (1 — Ip) ~ 
I P(E) rha) o rl) -lag Aba 


Therefore, the integral of |p(g)|? over the domain U D(n, m,, m) 
is equal to mme 
O\n {8 |2 

[leat Bu Bal? dpa dBe = (1 — 100 S| rh r su) 
Bearing in mind that |s.,(6)| = 1, |T_,(@)| = |p|”? and that the 
number of characters of rank r is |p|-7(1 — |p|) we obtain the 
required estimate. 

This concludes the proof of Theorem 4’. 

We mention that by other straightforward arguments it can be 
shown that p(g) e L?(G) for every p > 1. 


REPRESENTATIONS OF 
ADELE GROUPS 
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1. The Group of Characters of the Additive Group of Rational 
Numbers. To get a better understanding of the structure of the 
character group of the additive group of rational numbers,. we 
consider first a significantly simpler problem. Namely, we clarify 
the structure of the character group of the group Q” of all fractions 


of the form 2 


-, where p is a fixed prime number and a and n 
integers. 


Let (=) be an arbitrary character on Q’. Since 


al) = Lal) 0 


. ws . l 
to determine y it is sufficient to know the numbers (1), (7), wey 


P 
(4) ,+.. . These numbers are connected by the following relations: 
i \|? l 
BEATA) e 
l 
Conversely, every choice of numbers vss). n=0, 1,...,; 


satisfying the relations (2) and such that ke) = 1l, yields a 


character y on Q‘) which is determined by formula (1). 
` 242 


§1. ADELES AND IDELES 243 


Since kE) = 1, we have 
| 
a 


(5) = exp 271i p" , (3) 


where «, is a real number determined mod p”. The relations (2) 
are equivalent to the following relations for the numbers «,: 


Onpt = «,,(mod H) 


Hence, it follows that 


An = -a + Bas 
where « = —& and the f, arc integers determined mod p” and 
satisfying the relation 
Bn.1 = B,(mod p°). (4) 


From (4) it follows that the f, are segments of the p-adic scries 
B=a,+ afp + ap?+...0 < ak <p. 
Thus, 
1 ) .-a t+ Bp 
y{—]} = exp lri —_—— 
x (; n P p n 
But then we find from (1) for every rational fraction of the form 
a 


p” 


that 


a 


—. 5 
pr ( ) 
a 


So every character h; ) of the group Q is given by a pair 


(E) = exp 2ni(—a + 8) 


of numbers—a real number « mod | and a p-adic integer £. 
It is not hard to check that (=) = 1 if and only if « is a 


rational number whose denominator is not divisible by p, and 
B = « (B is the p-adic representation of the rational number «). 
Thus, the character group of the additive group of all fractions 


of the form 5 has the following structure. We take the additive 


group whose clements are the pairs («, 8), where « is a real number 
mod l and f a p-adic integer. In this group we factor out the 
subgroup of elements of the form (r,r), where r ranges over all 
rational numbers whose denominators are not divisible by $. 

The structure of the character group of the additive group Q of 
all rational numbers turns out to be essentially more complicated. 
This character group will be investigated in detail in the next few 
subsections. Here we only state the final result. 
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Every character of Q is given by an infinite sequence 


a = (Aq, ig- ++ Ages) (6) 


in which a,, is a real number, and a, a p-adic number (p = 2,3,...), 
and all the a, beginning with a sufficiently large p are p-adic 
integers. Such sequences are called adeles. 

The character y(r) corresponding to the adele a is given by the 
following formula: 


XalT) = exp 27i(—a,r +a +... Har +H.) (7) 


This formula must be understood in the following sense. Since an 
arbitrary integer can be added to the expression in parentheses, we 
ignore the integral parts of all the p-adic numbers a,r on the right. 
Then the sum in parentheses becomes the sum of rational numbers. 
It is easy to check that here only finitely many terms are different 
from zero. 

The set of adeles forms an additive group A if the operation of 
addition is defined componentwise. Clearly, when two adeles are 
added, their corresponding characters are multiplied. Thus, the 
map 

a— Xalr) 


is a homomorphism of the group of adeles A onto the group Q’ of 
characters of Q. 

Let us find the kernel of this homomorphism. It turns out that 
%a(r) = l if and only if a has the following form: 


a= (a, 4,...,4%..-), 


where « ranges over the rational numbers. Such sequences a are 
called principal adeles. Obviously, the subgroup of principal adeles 
is isomorphic to the additive group Q of rational numbers; we 
denote it also by the letter Q. 

Then we have an isomorphism 


Q’ = A/Q 


between the character group Q’ and the factor group A/Q of the 
group of adeles with respect to the subgroup of principal adeles. 
All the groups so far are regarded as abstract. It can be shown, 
however, that under a natural topology in the group of adeles the 
isomorphism is one of topological groups. The detailed proof of all 
the statements we have made here will be given in § 1.6. 


2. Definition of Adeles and Ideles. We repeat the definition 
of adeles. We consider the collection A of all sequences of the form 


a = (ao lz -> Gy, +++), 


§1. ADELES AND IDELES 245 


where a, is a real number, the a, are p-adic numbers and all the a, 
beginning from a certain p onward (depending on a) are p-adic 
integers. The set of all such sequences forms a ring under component- 
wise addition and multiplication. This is called the ring of adeles, 
and its additive group the group of adeles. 

The elements of the ring of adeles A that have an inverse are 
called ideles. The set A* of all ideles forms a group under 
multiplication. It is called the group of zdeles. 

Thus, the elements of the group of ideles are sequences 


A = (Any Boy evry App eee)s 


where 4, #0 and |A,|, =1 for all p with a finite number of 
exceptions (|x|, is the p-adic norm). 

We introduce a topology in the group of adeles A in the 
following way. We take the subgroup 4° of the adeles 


a = (4g, do, -3 äp») 


where all the a, are p-adic integers. In A° we introduce the topology 
of the Tikhonov product of the topological spaces R, O2,..-,0,,..+; 
where O, is the subgroup of p-adic integers. This subgroup A°® is 
declared to be an open set in A. 

Thus, a sequence of adeles a = (a, a, ...,a5",.--) 
is said to converge to the adcle a = (as, 4» --», ap...) if it 
converges to a componentwise and if there is an N such that for 
n > N the numbers a, — a‘” are p-adic integers. 

The topological group A so obtained is locally compact; this 
follows immediately from the compactness of the groups O,. 

Similarly we introduce a topology in the group of idcles A*. 


3. Another Construction of the Group of Adeles. Let Q be 
the additive group of rational numbers. We introduce in Q a 
topology by taking as neighborhoods of zero all the subgroups of Q. 
We show that the completion Q of Q relative to this topology is isomorphic 
to the group of all adeles of the form 


(0, dg, <.. äp.) 
Thus, the group of adeles A is the direct product 
A=A,xQ 


of the group of real numbers A,, and of Q. 

Proof. We consider the subgroup B of adeles of the form 
(0, dg, .--, @,,...). With every rational number r we associate 
the sequence (0, 7,...,7,-..+). This sequence is an element of B, 
because |7|, = 1 for sufficiently large (namely, for those p that do 
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not occur as factors of r). Thus, the correspondence 
r—>(O,7%..-,%--+) 


is an isomorphic embedding of Q in B. 

Let us show that this embedding induces in Q a topology that 
coincides with the original one. 

For this purpose we examine in B the open subgroups U,,» 
consisting of the adeles (0, a.,...,4@,,.-.) for which |a,|, < 77” 
for q <p and |a,!, <1 for g >p. Clearly, the U,, form in Ba 
complete system of neighborhoods of zero. The intersection 
U,., N Q consists of the integers of the form (2-3-5---p)"k, 
where k ranges over all integers: in other words, U,, O Q is a 
cyclic subgroup of Q. These subgroups are open sets in the original 
topology of Q. Moreover, they form a complete system of neighbor- 
hoods of zero in Q, because every subgroup of Q contains a subgroup 
of this form. So we see that the topology of B induces the original 
topology in Q € B. 

We have to show that the set of elements of Q is everywhere 
dense in B, that is, that for every element 


a = (0, a,,...,4,,...) 


of B there exists a sequence of elements in Q converging to a. 
For every prime number p and every natural number n we 
denote by ba.p.n a fractional part of the g-adic number (p!)~"a.. 


We set 
Coun = È bane 
a 


Obviously in this sum only finite by many terms are different from 
zero. Then we have for every prime number q 
I($!) "aa — Cy ale < 1 
Hence, it follows that 
laa — (p !) Cpa, <q" for q SP, 
[aq = (p!) "Ep, nl <1 for q > p. 


This means that the sequence of rational numbers (p!)"¢,., 
converges to the adele a, as p — 0, n — ©. 


4, The Isomorphisms Q — A and Q* — A*. We show that 
the ring of rational numbers Q can be isomorphically embedded in 
the ring of adeles A. 

For Q is isomorphically embedded in the field of real numbers 
R as well as in the field of p-adic numbers Q,. With every rational 
number r we associate the sequence 


(1, Ty vee Ty eee de 
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These sequences are adeles, because for r 4 0 we have |r|, = 1 for 
sufficiently large p. They are called principal adeles. 

Let us show that the ring Q of principal adeles is discrete in A. 

Proof. We assume the contrary: that Q is not discrete in A. 
Then we can find a sequence of principal adeles7,, = (1p, Tny+++9Tns++*) 
converging to zero. From the definition of the topology in A it now 
follows that beginning with a sufficiently large n the number r, is 
a p-adic integer for every p. But this means that 7, is an integer and 
therefore the sequence 7, does not converge to zero in the topology 
of R. So we have arrived at a contradiction. 

Let us find a fundamental domain of the additive group of A 
relative to the subgroup of principal adeles Q. 

Consider the set F of adeles 


a = (dg, üg ee, ap eee) 
where 0 <a, < l and |a,|, <1; we show that this is the required 
fundamental domain. 

Let a = (áp ín »»», âp...) be an arbitrary adele. We 
denote by « the sum of the fractional parts of the p-adic numbers 
dg, + +,4,,-+... By the definition of an adele, this sum contains only 
finitely many terms different from zero, hence is a rational number. 
Now we choose an integer n such that 0 <a, — x — n < l and we 
consider the principal adele 


T= (7, fee n’) 
where r = æ + n. Obviously, a — r e F. 

So we have shown that A is a union of sets r + F, where r 
ranges over the principal adeles. We show that these sets are 
pairwise disjoint. 

Letr 40; then the setsr + F and F have no common elements. 
For if r is an integer, then r + 4%, where a € F, does not belong to 
the half-open interval 0 <x <1; hence r + a does not belong to 
F. But if r is not an integer, then |r|, > 1 for at least one p, and 
therefore |r + a,|, > l, where a eF; consequently, in this case 
r + a also claims to belong to F. 

So we have shown that F is a fundamental domain. 

Note that this is a compact set. From this it follows that the 
factor group AJQ of a group of adeles by the subgroup of principal adeles is 
compact. In § 1.6 we shall show that this factor group is isomorphic 
to the character group of Q. 

Now we pass on to the group of idelcs. The multiplicative 
group of rational numbers Q* can be isomorphically embedded in 
the group of ideles A*. Namely, with every rational number r 4 0 
we associate the sequence 
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These sequences are ideles, because |r|, = 1 for all p that do 
not occur in the prime decomposition of r. They are called principal 
ideles. 

We note that the set Q* of principal ideles is obtained from the 
set Q of principal adeles by omitting the zero adele (0,0,...,0,...). 

As in the case of adeles, it is easy to check that the subgroup Q* 
of principal ideles is discrete i in the group A* of all ideles. 


5. The Group of Additive Characters of the Ring of Adeles 4. 
We begin by explaining the important concept of a self-dual ring. 

Let L be the commutative topological ring with a unit element. 
Consider the set L’ of all additive characters of L, that is, of those 
continuous functions y(x) on L for which |y(x)| = 1, and 


a(x +9) = x) al) 
for any x and y in L. 


There is a natural way of introducing in L’ the structure of a 
topological space and an operation of multiplication of characters 
under which Z’ becomes a topological group. Furthermore, there 
is in L’ a natural definition of the operation of multiplication by 
elements from the original ring L: the product a > y of the element 
a €e L and the character x(x) is the character yo(x) = (ax). 

Clearly, this operation of multiplication is continuous in a and 
x and satisfies the following conditions 


a` (Xix) = (4+ %1) (4: x2)» 


(a + b)x = (a- x)(b- x), 
(ab)y =a: (b> x), 
l-y=¥x%. 


Thus, the set of characters L’ is an Z-module. 

The ring L is called self-dual if the L-module of all additive characters 
on L is isomorphic to the original ring L. 

An equivalent definition is: the ring L is called self-dual if every 
additive character y(x) is of the form 


a(x) = xolax), el. 


where xo is a fixed character. 

Examples of self-dual rings are well known to us: all topolog- 
ical locally compact fields are of this kind. On the other hand, 
infinite discrete fields, particularly the field Q of rational numbers, 
are not self-dual (because the set of their additive characters is not 
compact). 

We now show that the ring of adeles A is self-dual. 
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To prove this we introduce an additive character y (x) on A. 
It plays a fundamental role in what follows. 

Consider the function o(a) on A, with values in the group of 
real numbers mod 1, defined by the following formula: 


ola) = —a, +a, +... +4, +...(mod 1). (1) 


In other words, e(a) + a, denotes the sum of the fractional parts 
of the p-adic numbers a, (note that the fractional part of a p-adic 
number a, is an ordinary rational number). Since all the numbers 
a, beginning with sufficiently large p are p-adic integers, only finitely 
many terms in this sum are different from zero. Hence, the sum 
always has a meaning. 

We establish some properties of this function o(a). First, from 
the definition it follows immediately that 


o(a +a’) = o(a) + ofa’) (2) 


for arbitrary a, a’ € A. 

Next, it is obvious that on every subring Q, of A (that is, on the 
subring of adeles of the form (0,...,0,a,,0,...)) we have 
o(a,) = 0 if and only if a, is a p-adic integer. 

Finally, we show that if a is a principal adele, then o(a) = 0. 

For let a be a principal adele, that is, a = (7,7,...,1%.---); 
where ris a rational number. This number can always be represented 
in the form of a sum 





_ He 2g a, 

T = 9m Ega bets bon Tee 

where the «, are integers; the number of nonzero terms in this 
sum is finite. Thus, the fractional part of r regarded as a p-adic 


a 
number is Jr mod 1, and so 
D 


o(a) = mrt tee toe +++: (mod 1) 


that is, o(a) = 0. 
We define a function x)(a) on A by the following formula: 


Xola) = exp 2aic(a) = exp 2mi(—a, +a, +... +4 t.) 
(3) 


By what we have proved above, %o(a) is an additive character on A 
and satisfies the following conditions: 

l. x9(a,) = 1 on every subring Q, of A if and only if a, is a 
p-adic integer. 

2. x(a) = 1 on the subring Q of principal adeles. 
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We now procecd to the proof of the assertion that A is a self- 
dual ring. We shall show that every additive character g(a) on A 
has the form 

x(a) = x0(ba), 
where b € A. 

As a preliminary we observe that every character x(a) on A 

can be written as a convergent infinite product 


xla) = 440) xla) «++ Xas) ++ - (4) 
where z(a) is the restriction of y to Q, 


For we have a = lim a”, where 
pra 


aP = (ao, dey -> Gp, 0,0,...). 
Consequently, since x(a) is a continuous function, 


x(a) = lim x(a) = lim [x(aa) glaa) + 2(4,)]- 


Now let x(a) be an arbitrary character on A, which we represent 
in the form (4). Since %o(a,) = 1 on Q, by what was proved in 
Chapter II, the character y(a,) on Q, can be represented in the form 

x(ay) = X0(4545)» (5) 
where b, € Q, Here the element b, is uniquely determined by p. 
So we have 


x(a) = Xolbola) Zo(beG2) © * © Xo(by4y) (6) 
Now we show that 
b = (by, bo «++ bp...) 


is an adele; this also proves that x(a) = X%o(ba). Suppose that b is 
not an adele. This means that there are infinitely many numbers 
bys bop -+ -o Opy «++ that are not p-adic integers. By the property 
of X we have 

to(b5,%»,) = 1, 
where a, ranges over the p,-adic integers. Therefore, we can 
choose a f,-adic integer a,, such that 


lxo nin) -l| >e, 
where e is a fixed number, the same for all pẹ (for example, we can 
take € = 4). 
Clearly, the infinite product 


Il Xo(b5,25,) 
k=1 


then does not converge; this contradicts (6) and proves the 
assertion. 
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6. The Characters of the Group 4/Q. We now show that the 
character group of the factor group A/Q, where Q is the subgroup of principal 
adeles, is isomorphic to the additive group of rational numbers. 

By the Pontryagin duality theorem, it follows that, conversely, 
the character group of the additive group of rational numbers is 
isomorphic to A/Q. This important fact was already stated without 
proof in § 1.1. 

To prove it we observe that the character group of A/Q is 
isomorphic to the subgroup of all characters (a) on A for which 


yla) =1 for everyae Q. 


According to a result in § 1.5, every character y(a) has the 
form 
x(4) = xo(ba), 
where b € A and 


x(a) = exp 2ai(—a, +a, +... +4,4+...). 
Hence, we seek those b e A for which the condition 


yo(ba) = 1 for everyaeQ (1) 
is satisfied. 
From § 1.5 we already know that y,(2) =1 on Q. Thus, if 
6 €Q, then the character y,(ba) satisfies condition (1). It is not 
difficult to verify that the converse also holds, namely, if %o(ba) 
satisfies condition (1), then 6 € Q. 
So we have shown that the character group of A/Q is isomorphic 
to the group of rational numbers. 


7. Invariant Measures in the Group of Adeles and the Group 
of Ideles. The group of adeles A, being locally compact, has an 
invariant measure which we denote by da. This measure will 
always be normalized by the following condition: 


faa =], (1) 


where the integral is taken over the compact set F of adeles 


; a = (Aq, Igy +++ lp eee) 
for which 


0 <a, <1, lal, <1, p=2,3,.... 


It is easy to check that the measure da can be expressed in terms 
of the measures da, on the groups Q, as follows: 


da = da,da,...da,..., (2) 
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where the measures da, are normalized by the conditions 


1 
fas =1, f da, =1. 
0 lasl £1 


The equation (2) must be understood in the following sense: 
if g(a) is a summable function of A of the form 


g(a) = Polla) P2(ae) nn Pp(45) Trta 
then 


IEO da = f polan) da y fontan daz... fonas da,.... 


Similarly, in the group of ideles A* there exists an invariant 
measure which we denote by d*A. We assume that this measure 
is normalized by the following condition: 


[aa 1, (3) 


where A’ is the compact set of all ideles of the form 
A= (Aas y eea Ap) 
A. <e (e is the base of the natural logarithms), |4,|, = 1, 

2, 3,.... 

It is easy to verify that the measure d*A can be expressed in 
terms of the measures d*4, on the multiplicative group Q% as 
follows: 

d*à = d*ho d*i, see d*i; one (4) 
di. 
|A colo 
line and the measures d*4, being normalized by the conditiont 


where d*2,, = , dì, being the usual measure on the real 


d*i, = 1. 
lå»lp=1 
8. The Function |A|. It is easy to see that every idele 2 effects 


an isomorphic map 
a — ħa 


+ Note that here the normalization is different from the one taken in Chapter IT. 


d 
‘There we set d*A, = ot , where dA, is the measure of the additive group of the field 
PID 
Q, normalized by the condition f dA, = 1. Here we set 
lap] <1 
da, 
lola" 





d*i, = (1 -= pty 
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of the group of adeles A onto itself. Therefore, if da is an invariant 
measure on A, then d,(a) = d (2a) is also an invariant measure on A, 
and therefore proportional to da. We denote the factor of 
proportionality by Al. 
Thus, the function |à] on the group of ideles A* is defined by the 
following formula: 
d(4a) = |à] da, (1) 


where da is an invariant measure on the group of adeles A. 
From the definition it follows immediately that 


JAPA] = [A'} a" (2) 
for arbitrary 4’, A” e A*. 

Let us find an explicit expression for |A]. For this purpose we 
use formula (2) in § 1.7, which expresses da in terms of the measures 
da 

° da = da „ da,...da,... (3) 
Hence, we have 
d( ħa) = d (oao) d (åa) ».. d(Apa,) .-- (4) 
but 
d(A,ay) = |Aply day. 
Consequently, equating (3) and (4) we find 
[Al = lA] dela ++ lolose (5) 


Note that in this infinite product all but a finite number of factors 
are equal to 1. 

_ We shall now establish the following important property of 
|Al: if A is a principal idele, then 


jA = 1. 
For let 4 be a principal idele, that is, 
A= (rT, 0005 Teee)ds 
where r is a rational number. We decompose r into prime factors: 
r= 273"... pr... 


where the n, are integers and all z, but a finite number are zero. 
Then we have |r|, = p~"p. Therefore, [J Ir, = |rlZ andso|A| = 1. 
P 


9. The Characters of the Group of Ideles 4*. We give a 
description of the characters of the group of ideles 


å = (fos day sey Any seeds 
which we denote by 7(A). 
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Let 7,(4,) be the restriction of m(4) to the subgroup Qf of 


ideles of the form (1,..., 1, 4,,1,...), $ = ©, 2, 3,.... Let us 
show that the character (A) can be expressed as a convergent product 
m(A) = 7a(Ag) Tal Ae) ee Tpl Aee (1) 


For consider the sequence of ideles of the form 
AP) = (Ag, A ees Ap h l,e) 
By the definition of the topology of A*, this sequence converges to 
the idele 4. Consequently, 


a(A) = lim 2(4®) = lim [nol Ao) Tel Aa) °° + mal 
pao 
Thus, by virtue of (1), the character (A) is completely determined 
by the family of characters 7,(A,) defined on the groups Q3. We 
say that this character 7(A) is the tensor product of the characters 


Tp Ay). 
Now we raise the converse problem. Let 7,,(4,), Tal âa) - 
m (åp), .. - be a preassigned sequence of characters. The question is 


under what condition on these characters formula (1) gives us the 
character 7(A) on A*, so that the infinite product (1) converges. 
We show that formula (1) determines a character on the group A* 
if and only if the characters m (åp) satisfy the following condition : 
For all but a finite number of primes p 


7,(A,) =1, when |å lp = 


Suppose that the condition holds. We consider an arbitrary 
idele 2 = (A,,, Az, .--5 A,,+-+). From the definition of an idele 
it follows that !4,!, = 1 when p is sufficiently large. But then, by 
this condition we have z,(4,) = 1, when p is sufficiently large. 
Therefore, in (1) only finitely many factors are different from zero 
and so the product converges. 

Conversely, let us assume that the condition does not hold. 
Then there exists a sequence of prime numbers f,, fo, .-- Prs + 
for which 

Talin) Æl, when |à 


Obviously, in this case we can find for every p, a 4,, such that 
ja = l and [rp (ân) — ll > lg. But then the product 


II To, (A,,) 
k 


oul pe = 
Prle = 


diverges. 
So we have obtained the following final result. 
Every character 7 on A®* is given by a sequence of characters 


m = (Way Tey essy Tp.) 
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where 7, is a multiplicative character in the field of real numbers, 
a, a multiplicative character in the field of p-adic numbers, and for 
sufficiently large p we have 7,(a,) = 1 when {4,!, = 1 (and 


hence, 7,(A,) = |A,|", where v, is some complex number). 
The value of the character . a on the idele 
A = (day doy sees Apers) 


can be expressed in the form of the following infinite product: 
a() = Mol Aao) Tala) °° * Tol Ay) n 


10. The Characters of the Group A*/Q*. We denote by 
A the subgroup of all ideles 


A= (Aggy Àn oes Ape) 


in which the real number å, is positive and |4,|, = 1 for all prime 
numbers f. 
We show that the group of ideles A* splits into the direct product 


At =Q*x A (1) 


of the subgroup of principal ideles Q* and the subgroup A. 
Proof. Let 2 = (Aq, A» >- -, Ap --.) be an arbitrary idele. 
We represent the number A, in the form 
= |A,|5" Ap. 
Let 
q = sign A, TT 12,15. 
P? 


(In this product only finitely many factors are different from 1 so 
that q is a rational number.) By the same symbol q we denote the 
corresponding principal idele: 


q= h.’ h’ 


Obviously, 4g-! € A. This shows that the group of ideles A* is 
the product of the subgroups A and Q*. 

We show that the subgroups A and Q* have no common 
clements except the unit element. Suppose then that the principal 
idele « = (a, a, ..., wae r) belongs to A. Then for every prime 
number p we have |a|, ; consequently, « = +1. But we must 
have « > 0; hence, a = a ‘and the assertion is proved. 

From the decomposition A* = Q* x A it follows that the factor 
group A*/Q* of the group of ideles A* by the subgroup Q* of principal 
ideles is isomorphic to A: 


A*/Q* = A. 


Hence, this factor group has a very simple structure: it is the 
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topological direct product of the multiplicative group of all positive 
real numbers and the groups O% of p-adic numbers of norm 1. 

Observe that in contrast to the case of the group of adeles the 
factor group 4*/Q* = A is not compact. 

We now proceed to a description of the characters of the group 
A œ A*/Q*. It is obvious that a character (A) on A is given when 
the character is given on each of its direct factors, namely, the character 
Tolo) on the group of positive real numbers, and the characters 9,(A,) on 
the groups OX of p-adic numbers of norm 1. Here, all but a finite number 
of characters 0, must be identically equal to unity. 

The value of the character 7(4) on the idele 


2 = (Any Agy eey App eee) 


a? 


of A is expressed by the following formula: 
m(A) = Toldo) Oal Aa) -.- 0,(A,) --. (2) 


We recall that every character 7,,(4,,) on the group of positive 
real numbers has the form 


Tolda) = 25» 


where s is an arbitrary complex number (here we do not assume 
that the characters are unitary). Thus, formula (2) can be rewritten 
in the following form 


n(A) = A%,0(A) = l4l0(å), (3) 
where 
14l = [Aslan lale er lAal» oe? 


B(A) = Oal a)... O5( 45). 


We mention that the characters @(4) are characters on the compact group of 
ideles of the form (1, 49,..., 4,,-..); consequently, they form a discrete 
(countable) set. Hence, the set of characters 7 on A*/Q* can be regarded as a 
countable family of planes of the complex variable s (the “‘suffix” of the plane is 
given by the character 0). This enables us to introduce the concept of an analytic 
function of m. We say that f(7) = f(s, 0) is an analytic function of 7 if for every 
fixed @ it is an analytic function of the complex variable s. 


Now we describe the set of characters on the group of ideles A* 
that are identically equal to unity on the subgroup of principal 
ideles Q*. By the decomposition 


A*t = Q* x A, 


every such character is obtained by the following construction. We 
take an arbitrary character (A) on A and then extend it to a 
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character v on the group A* according to the following formula: 


(a) = (7). (4) 


Here q = sign A, ` [J |A,|>" is the component of 4 in Q*. 


On the basis of (3) and (4) we obtain the following result. 
Every character m( 2) on the group of ideles of A* and identically equal to 
unity on the subgroup of principal ideles Q* has the following form 


n(A) = |215 0(2). 
Here s is an arbitrary complex number, 
JA] = låolao lele.. - lolo. +., and 0(2) = 0al a) -e O(A) 
is an arbitrary character on the subgroup of ideles of the form (1, da... 


Ay) «+ +), where |A,|, = 1 for every p. The character 0(2) is assumed to be 
extended to the whole group A* by the following formula: 
O(A) = O2(g-*Aa) ++ * OlT) s (5) 
where 
. a _ 4x 
q = sign A, [I 143 => - (6) 
D lAl 


APPENDIX TO §1 


On a Zeta-Function 


For every vector & = (&,..., En) € A” we define a norm |$] 


as follows: 
lél = [I él, E = (Eeee Ën) 


Pp 
where 


ll, = max |é;lp 
k 


Obviously, |¢é| = |&| for every g € Q*. As we know, 
Ii = 1, 


ifn = land €Q*. Ifn > 1 and ¢ eQ”, then it is easy to check 
that |é| < œ; however, in general, || 4 1. 

In this appendix we investigate a series that indicates by how 
much the relation |£| = 1 for & €e Q” fails to hold. 
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We denote by T the collection of vectors € e Q” in which all 
the components are different from zero. Consider the series 


Dis) = X i7. (1) 


We show that it converges; at the same time, we cvaluate it. 
Every vector ¢ € T can be brought by multiplication by q € Q* 
into the form 
t= (t,..., En) (2) 


where ¢,,..., ¢, are integers whose greatest common divisor is 1. 

Obviously all the vectors (2) that differ in sign are inequivalent, 
that is, cannot be obtained from each other by multiplication by an 
element gq € Q*. 

Thus, we have 

Do) = 5), (3) 
m=1 M 
where F(m) is the number of n-dimensional vectors ¢ with coprime 
integer coordinates and |:| = m. 

It is not hard to check that F (m) < nm”—!, Consequently, the 
series for D(s) converges for Res >n. 

We denote by F, (m) the number of (n — 1)-dimensional 
vectors with positive coordinates not exceeding m and such that their 
greatest common divisor is prime to m. 

It is not difficult to see that 


F(m) = 2"—F; (m), (4) 


SF, (z) = m”, (5) 


where the sum is taken over all divisors of m. 
From (5) it follows that 


(SI (S20) SP -t-a = 


d=1 m=1 m’ m=1 m° 





where ¢(s) is the Riemann Zeta-function. 
From (4) and (6) it follows that 


ts ntl) 


D(s) = 2"> Us) 
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1. Schwartz-Bruhat Functions. In thissubsection we introduce 
a space of functions on the adele group A, which is important for 
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what follows. As we shall see in the next subsection, this space is 
invariant under Fourier transformations. 

On the adele group we consider functions g(a) that are 
representable in the form of an infinite product 


g(a) = II Palp)» (1) 


where the factors 9,(a,) satisfy the following conditions: 

l. y,(@,) is an infinitely differentiable function on R, that is, 
on the additive group of real numbers, and decreases faster than 
any power of |a,| as |a,,| > ©. 

2. 9,(a,), $ = 2, 3,... is finite and piecewise constant, that is, 
constant on the cosets of a sufficiently small open subgroup of the 
group of p-adic numbers Q,. 

3. For all p, except a finite number, ,(a,) = 1, when a, is a 
p-adic integer, and p,(4,) = 0, when a, is not an integer. 

By 3, for every a e A all the factors in the infinite product (1) 
from a certain p onward are equal to 1. Thus, the product con- 
verges. Hence, it follows easily that g(a) is a continuous function 
on A. 

Note that by the same condition 3 the function g(a) is concentrated on an 

open subgroup of A of the form 

A, x 4g X +++ X Ay X Vp 
where V, is the subgroup of adeles for which all the components are p-adic 
integers, and a,, = a, = *- - ap = 0, where p is sufficiently large. Moreover, the 
function is constant on the cosets of V,. Hence, it can be regarded as a function 
on the group 

A = A, Xg Xt X Ap, 
where p is a sufficiently large integer. The same remark applies to any finite 
linear combination of functions of the form (1). 

We call functions of the form (1) elementary functions on A. 

We use the term Schwartz-Bruhat functions} for functions (a) 
on A that are representable as finite linear combinations of clementary 
functions. We denote by S(A) the set of all Schwartz-Bruhat 
functions on A. 

It is not hard to check that all the functions g(a) € S(A) are 
summable on A, that is, that for every function g € S(A) 


fioo! da < œ. 


2. The Fourier Transform of Schwartz-Bruhat Functions. 
Let x(a) be a character on A defined in § 1.5: 


x(a) = exp 2mto(a), (1) 


+ The name was introduced by Godement who apparently was first to recognize 
the important role of these functions on the adele group. 
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where 
o(a) = —a, +a, +++ +4, +++: (mod 1). 


We define the Fourier transform of (a) by the formula 


(8) = Í pla) zalba) da. (2) 


Although we make no use of it in what follows, we mention that the Fourier 
transform can be defined for every measurable function g(a) of integrable square 
modulus; the integral (2) must then be understood in the sense of the mean square 
value. 


By the formula for the inverse Fourier transform we have 


pla) = ef BC) xol —ba) db, (83) 
in other words, 
@(—a) = tg(a). (4) 
Next, the Plancherel formula holds: 


fiolo? da = ef 9a) da. (5) 


Here ¢ is a constant depending on the normalization of the measure 
on A. It is easy to check that under the normalization of da that was 
introduced at the very beginning, we have 


c=1. 


Let us show that the Fourier transform of a function in S(A) is again 
a function in S(A). 

For this purpose it is sufficient to show that if (a) is an 
elementary function, that is, a function of the form (1), where 
y,(@,) satisfies the conditions 1 through 3 of § 2.1, its Fourier 
transform ¢(a) is a function of the same form. 

First, it is evident that 


Pb) = II Palb)» 


where 
Palb.) = | palas) tlbyts) day p= 2) Byes. 


Now it is known that the Fourier transform of an infinitely 
differentiable function ¢,,(a,,) decreasing faster than any power of 
janl as |@,,| — œ, is a function of the same form. Consequently 
condition | holds for ¢(4). 

Next, the Fourier transform of the finite piecewise constant 
function ¢,(a,), p = 2, 3, ... is a function of the same form (see 
Chapter 2, § 2.4). Consequently, condition 2 holds for ¢(4). 
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Finally, we use the fact that the Fourier transform carries a 
function of the form 
for lal <1, 


1 
Pr(4y) = ( (6) 


0 for |a,|, >1 


into itself (see Chap. II, § 2.4). Hence, it follows that condition 3 
holds for ğ(b). 

From the formula ¢(—a) = g(a) it follows easily that the 
Fourier transform maps S(4) onto itself, 


3. The Poisson Summation Formula. Let p(a) be a Schwartz- 
Bruhat function and ¢(a) its Fourier transform. We shall derive 
the following formula, which is usually called the Poisson summation 
Formula: 


F plo) = Z Oa), (1) 
aeQ acQ 


where å is an arbitrary idele and the summation is taken over the 
subgroup Q of principal ideles. t 
To prove formula (1) we introduce an auxiliary function on the 


group of adeles: 
D(a) = 2 Pl Ala + 4), (2) 


where the summation is taken over the subgroup of principal adeles. 

From the summability of ¢(a) it follows immediately that the 
series (2) converges absolutely almost everywhere and that ®(a) is a 
summable function on A/Q. In fact, 


f ioaad = f (Z rala +4))!) da. 
A AiR 


It is also easy to verify that ®(a) is a continuous function. 

Since ®(a) is constant on the cosets of Q and summable on the 
compact group A/Q, it can be expanded as a Fourier series with 
respect to the characters of A that are equal to 1 on Q. As was 
shown in § 1.6, these characters are of the form y,(8a), where $ 
ranges over the principal adeles. So we have 


(a) = 2, ceno( Ba). (3) 


+ The Poisson formula holds for every commutative topological group G with a 
discrete subgroup I’ and a compact factor group G/l’. The classical Poisson formula 
corresponds to the case when G is the group of all real numbers, and T the subgroup of 
integers. 
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The Fourier: coefficients c, can be expressed by the following 
formula: 


ta = Í ©(a) x0 —Ba) da. (4) 
Alg 
When we substitute for ®(a) its expression (2), we obtain 


= Í g(a) xo(—pa) da = = | pla) xo(—BA-ta) da 


A 
= j Pa). 
So we have 
2? p(A(% -H @)) = a2 2 P( —4-B) xo( Ba). (5) 


Hence, for a = 0 we obtain the Poisson formula (1). 


4. The Mellin Transform of Schwartz-Bruhat Functions. The 
Tate Formula. Let (a) be a Schwartz-Bruhat function on the 
group of adeles A. Since the idele group A* can be embedded, in a 
unique fashion, as a subset in the group of adeles A, we can investigate 
the restriction g(A) of ọ to A*. 

Let (A) be a character on the group of adeles A* that is 
identically equal to 1 on the subgroup Q* of principal ideles. We 
use the term Mellin transform of for the function ®(7) defined by 
the following formula: 


O(n) = | oala d*a (1) 
A’ 
where d */ is the invariant measure on the group of ideles. 


Let us find out for what characters ~ the integral (1) converges. 
We recall that every character 7 can be represented in the form 


a(a) = 141" O(a), (2) 


{Al = Aolo lala t °° lylo 


s is a complex number, and |6(4)| = l; the number s and the 
character 9 are uniquely determined by the formulae (5) and (6) 
of § 1.10. So we can write 


O(n) = (0,5) = f a9 1) [aed #2, (3) 


where 


The question is, therefore, for what s the integral (3) converges. 
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In answering this question, we may confine ourselves to elemen- 
tary functions, that is, functions of the form 


(å) = Polda) Pol Az) 1 Pol Ay) ° 


ål = lA aolo | Aala ses EAP vee 


Since 


and 
(A) = O o(a) Oale) >>> OCA) - °°, 


the integral (3) can be rewritten as an infinite product of integrals: 


(6,5) = TE | aCA) O(4y) Asli Ay (a 
P? 
Qr” 

Evidently each factor of this product is an absolutely con- 
vergent integral for Res > 0. The question is: Under what 
additional conditions on s does the infinite product converge? Here 
we observe that by the definition of Schwartz-Bruhat functions the 
Pp( 2p) are concentrated for sufficiently large 4, on the set of integers 
i, and are equal to 1 on this set. On the other hand, for sufficiently 
large p the characters 8, have the following form: 


6,(A,) = JA, |i, 


where s, is a real number. 
Thus, for sufficiently large p we havet 


Í PAOLA) lanl dA, 


Q.* i 
pits») 


= J laa d* ho =] + T— porn . (5) 


It is easy to verify that the infinite product 


pts») 
H(t + i aa) 
converges for Res > 1. 

So we have shown that the integral (3) converges absolutely 
for Res > 1. 

From (4) and (5) it follows that ®(9, s) is an analytic function 
of s in the domain Res > 1 for fixed g and 9. 

We shall now show that the function ®(0, s) has an analytic continu- 
ation to the whole plane of the complex variable s. Its only singularities are 


+ We recall that the measure d*A, on Q* induced by d*A is normalized by the 
condition f d*i, = 1. 
[Asla=1 
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simple poles at the points s = O ands = 1. The residues of (8, s) at these 
poles are —egp(0) and e6(0), respectively, where e = 1 for © = 1, and 
& = 0 otherwise. 

Proof. We split ®(6, s) into the sum of two integrals 


O(6, s) = O+(6,s) + O-(6,s), (6) 
where 
DHO, s) = | POA) Jal d*a, (7) 
laj21 
®-(0, s) = Í g(A)0(A) [Als d*A. (8) 
{aj <1 


We have shown above that (6, s) is absolutely convergent for 
Re s > 1 and is an analytic function of s in the domain Res > 1. 
The same is true for the integrals ®*(6, s) and (6, s). 

Now we observe that ®+(0, s) must also converge for Res < I 
and in this domain is an analytic function of s; therefore, ®+(0, s) 
is an entire analytic function of s. 

Thus, to prove the theorem we consider the second integral 
®-(6, s). 

Let us transform this integral. Since |«| = 1 for every principal 
adele a, the set |A| < 1 is invariant under the discrete group Q* of 
transformations 


A— ho 


where « ranges over the principal ideles. Let E be a fundamental 
domain in the set |2| < 1 relative to the discrete group Q*. Then 
we have 


©-(0,5) = f Z raaa laje d* a. (9) 


(Here we use the fact that 0(«) = 1.) 
We apply the Poisson summation formula: 


S p(åa) = ai 5 pa), (10) 
aEQ aEQ 


where ¢ is the Fourier transform of gy. Note that the set Q* of 

principal ideles is obtained from the set Q of principal adeles by 

omitting the element 0; consequently, (10) can be rewritten in the 
following form: 

1. 1 

9(0) + 2 (2a) = g PO) = Ta 


ial > G(A-*a) (11) 


| aeQ* 
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When we substitute in (9) for X ¢(Aa) its expression from (11), 
we obtain zQ” 


D-(0, s) =| Z paoa jaj-1 d*A 


+ feo lalt d*A — P0) foa |a| d*A 
E `E 
13° (Aa)O-*(A) A11 d*A 


ah 


+ of (A) Lali dA — (0) f(A) lal da, (12) 
E E 
The first term in this formula is +(0-1, 1 — s), where © is 
the Mellin transform of ¢. 
Now we evaluate the integral d 0(2) lAl d *A in (12). Clearly, 


the integral is zero when 0(4) Æ 4. Now let 6(4) = 1. For the 
fundamental domain E we choose the set of ideles 


A= (Ao, hey sees Åp) 
where 0 < A,, < l and |A,|, = 1 (see § 2.10). Then we have 
1 
fiarori = fatais [ ai d*he: 
E 0 låzļl2=1 lžplp=1 


Since f d*A, = l, we now obtain that 


\Aplp=l 1 
Í [à] d*A = - 
s 
È 
Thus, finally we have 
foa updi, (13) 
È 


where £p = 1l when 0(14) = I, and e = 0, when 0(A) Æ 1. 
So we have reached the following equation: 


~ p 0 
D-0, s) = (641-9) +4 (L020), ag 
where ® denotes the Mellin transform of ¢. 
As we know already, ®+ is an entire analytic function of s. 
Thus, by (14) ®©-(6, s) is an analytic function of s on the whole 
complex s-plane and its only singularities are simple poles at the 
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point s = 0 and s = l. The residues of Ð- at these points are 
— epp(0) and e,¢(0), respectively. The proposition is now proved. 
A consequence of (12) is the following functional relation for 
(6, s) (Tates formula) : 
(0, s) = (8-1, 1 — s), (15) 
where © is the Mellin transform of the function g(a). 


Indeed, when we replace in (14) g(a), 6 and s by ¢(a), 0-1 and 
1 — s, respectively, we find 


-(6-1, 1 — s) = O*(0, s) — (2 — o), 


s s—l 
(0 
+(6,5) = 0-(0-3, 1 — s) — o( 20% — wn). (16) 
By adding (14) and (16) term-by-term we obtain the Tate 
formula (15). 
As a consequence of the Tate formula we now obtain the 
functional relation for the Riemann Zeta-function (s). 
For this purpose we consider the function g(a) of the form 


g(a) = Pollo) P2(42) “we Polt)» cory 


hence, 


where 


or when |a,|, <1 
0, when |a,|, > 1. 

It is known that ¢,,(x) = »,(x). On the other hand, as was 
shown in Chapter 2, § 2.4, ¢,(a,) = ¢,(4,) for every p. Conse- 
quently, 

(2) = g(a). (17) 

Let us compute (6, s) for the function p, when 6,(A) = 1. 
We have 


+o 
1 2 
Das) = = Í e? Iyl8-1 dx TE f \a,[,d*a,. (18) 


All the integrals in (18) can be computed directly. We have 


D? 
liol» S1 


l 
14l% d*A, = 7: 
lAglp> <1 l p 
Consequently, 


D fiain =I = t, 


-8 
? laste <2 p 
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where {(s) is the Riemann Zeta-function. On the other hand, we 


have 
+a 


f e272 \x|*-? dx = aver), 


where T(x) is the classical Gamma-function. 
Thus, 


(64, 5) = <= vr (5) 00. (19) 


T 


Therefore, the Tate formula (15) gives us the required relation for 
the Zeta-function: 


2ver(2) ts) = gwar (* ea — 5). (20) 


Similarly, we can derive from the Tate formula the functional 
relation for the Dirichlet Z-function. 


— sS 





5, The Space A”. Now we investigate the n-dimensional 
vector space over the group of adeles A, that is, the space of points 


I= i, one I”), (1) 
where 
I? = (ID IPs oo Ios oe) (2) 
are elements of A. We denote this space by A”. 

By analogy with the group A we introduce the concept of a 
Schwartz-Bruhat function on A” and that of a Fourier transform on 
A”. Then we study the Mellin transform in A*. 

We consider a function g(y) on A” of the form 


p(y) = Pola) Pal) t: Po(Io)s ae (3) 
where 
Ip = (P, WM), P= 0, 2, 3,00 ws 
that satisfies the following conditions: 

l. Pola) is an infinitely differentiable function in the n- 
dimensional space R”, over the field of real numbers and decreasing 
faster than any power of | Yel as | Jal — 0, where |J] is the norm 
of the vector y: 


Pool = (EI bs + PIA. 
2. The function 9,(y,) is finite and piecewise constant, 
pb = 2, 3,... 


3. For all p except a finite number the function g, (Yp) is 
concentrated on the set of vectors 


In = (9, see I) 
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whose coordinates are p-adic integers, and is identically equal to one 
on this set. 

Functions of the form (3) satisfying the conditions | through 3 
are called elementary functions on A”. Schwartz-Bruhat functions on A” 
are defined as functions that can be represented as finite linear 
combinations of elementary functions. The space of Schwartz- 
Bruhat functions is denoted by S(A*). 

It is easy to verify that Schwartz-Bruhat functions are 
continuous and summable on A” with respect to the measure 
dy = d? --- dy”, 

We define the Fourier transform of a function p € S(A") by the 
following formula: 


KE =f U: 8) D, (4) 
where £ € A”, 
J’ E = yD gD + HIP EW, 
dy = dy +++ dy, 


and x(a) = exp 2mio(a) is the character defined in § 2.4. The 
following result holds. 

The Fourier transformation carries a function in S(A*) into a 
function in $(A*); in fact, it maps the space 5(A”) onto itself. 

The proof is almost identical to that of the corresponding result 
for functions in S(A) (see § 2.2). 

We derive the Poisson summation formula for the space A”: 


PAM) = T. 


2. p(A-ta), (5) 


where å is an arbitrary idele; the summation is taken over the 
vectors « € A” whose coordinates are all principal adeles. 

The derivation of this formula proceeds word for word just as 
in the one-dimensional case (see § 2.3). 

Next, we introduce the concept of the Mellin transform of a 
function ọ e S(A*). 

The Mellin transform of a Schwartz-Bruhat function (9) 
on A” is defined by the following formula: 


D; 2) = | DA dea, 940, (6) 
ae 
where 7(A) is a character on the group of ideles A* that is identically 
equal to 1 on the subgroup Q* of principal ideles, and d *4 is the 
invariant measure on A*. 
We know (see § 1.10) that the character 7 has the form 


m(A) = |al* (A), (7) 
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where s is a complex number, and @ is a character given initially 
on a compact subgroup A of A* and extended to the whole group A*. 

Thus, ® is a function of s and 0, where 0 ranges over a discrete 
set. 

From the results in § 1.10 it follows that the integral (6) 
converges for Re s > l and is in this domain an analytic function of 
s. The function ®(y; 7) = ®(y; 0, s) has an analytic continuation 
to the whole complex s-plane. Its only singularities are simple poles 
ats = 0 and s = 1. The residues of ® at these points are — ¢99(0) 
and cy f p(y) då, respectively, where £e = 1, when 6 =1, and 


£ = 0 otherwise (the integral is taken over the group of adeles A). 
Now we mention a property of ® as a function of y. From (6) 
it follows immediately that 


®(Ay, 7) = mA) O(Y, =) (8) 


for every idele 4 e A* (the property of homogeneity of ®). 
Since 7(2) = 1 on the subgroup Q* of principal ideles, we have 
by (8) 
®(4y; 7) = (y, 7) 


for every principal idele 4 € Q*. Thus, ® can be regarded as a 
function on the factor space Q = Q*\ A", obtained from A” by 
identifying y and Ay, where 4 e Q*. 


APPENDIX TO §2 
Tate Rings 


Let A be a commutative locally compact ring. By A’ we denote 
the group of characters of the additive group of A. 
The map 


xla) > x(ra), 


where 7 is any element of A, defines an endomorphism of A’. 

As we mentioned in § 1, A’ is a module over A. We recall that 
the ring A is called self-dual if the module A’ is isomorphic to A. 

We denote by A* the set of all elements of A that have an 
inverse element. Generally speaking, A* is not a closed subset of A. 
However, we can introduce a topology in A* under which it 
becomes a topological group. Specifically, a neighborhood U of an 
element a, € A* consists of those elements a € A* for which a € V (a) 
and a`! e W(a,"), where V and W are given neighborhoods in A 
of ay and a,", respectively. 
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It is not hard to verify that under this topology A* becomes a 
locally compact topological group, when the multiplication of 
elements is taken as group operation. 

Next, we denote by da a measure on A invariant under addition 
and by d*a a measure on A* invariant under multiplication. For 
every element « € A* we define its norm in the following way. We 
examine the measure d,(a) = d(aa). It is not hard to see that this 
measure is invariant under addition, and hence, is proportional to 


da. We set 
_ d(aa) 
jal = qa (1) 





For elements « ¢ A* the norm is not defined. 

Let Q be a subring of A. We call Q unimodular if the norm of 
each nonzero clement is 1. Obviously, a unimodular ring is a field 
and is discrete. 

Let A be a self-dual ring with a distinguished unimodular 
subring Q. 

The pair (A, Q) is called a Tate pair if the following conditions 
are satisfied : 

1, The subgroup of additive characters on A that are equal to | 
on Q is isomorphic to Q. 

2. The group Af/Q* is compact, where Af is the group of 
elements of norm 1, and Q* is the multiplicative group of Q. 

According to the Pontryagin duality theorem it follows from 1 
that A/Q is the character group of Q. Consequently, since Q is 
discrete, A/Q is compact. 

Now we write down the Poisson wer Let g(a) be a 
function on A for which the series (a =2 g(a + x) converges 


absolutely and uniformly and, in addition, yia can be expanded in 
an absolutely convergent Fourier series. Then 


Zo) = F, faoa da, (2) 


€ ELAY 
aEQ 1Q “ʻ 


where y ranges over all characters of A that are equal to 1 on Q. 
For the et we consider the expansion of the function 
y(a) =2 pla + «) in a Fourier series (see § 2.3). 

Now we go on to the discussion of the Mellin transform. We 
denote by TI the set of all characterst of A* that are equal to 1 on 
Q* = A* nQ. 


+ Here by a character we mean an arbitrary solution (not necessarily of mod 1) of the 


functional equation 
y (ab) = y(a) (>), a, b e A*, 
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Let p be a function on A. Its Mellin transform is defined as the 
integral (m e I) 


D(a) = [o(a)m(a) d*a. (3) 
ae 
By L we denote the set of functions g(a) defined on A and having 
the following properties: 

1. The series (a) = > (a + =) converges absolutely and 
uniformly. aQ . 

2. (a) can be expanded in an absolutely convergent Fourier 
series with respect to the (additive) characters of 4/Q. 

3. The integrals f(a) ja|\*d*a and {¢(a) lal d*a- converge 
absolutely for all sufficiently large values of Re s. 

Under these assumptions a repetition of the arguments in 
‘§.2.4 shows that for every function g(a) e L its Mellin transform 
has an analytic continuation to the whole of II, that its only poles 
are at the points (a) = 1 and m(a) = |a|, and that it satisfies the 
functional equation 


O(7, gp) = O(7, ), (a) = |a| a*(a). 


§3. THE GROUPS OF ADELES G, AND 
THEIR REPRESENTATIONS 


1. Definition of the Group of Adeles G,. The concepts of 
adeles and ideles, which were introduced by Chevalley with alge- 
braic number theory in mind, have proved to be useful when 
generalized to the case of an arbitrary linear algebraic group 
defined over the field of rational numbers Q. This generalization, 
which was proposed by A. Weil, consists in the following: 

Let G be a linear algebraic groupt defined over the field of 
rational numbers Q. 

To specify G it is sufficient to know the set of polynomial 
relations among the elements of the matrices of G. We denote by 
G, the set of all p-adic matrices belonging to G, and by U, the 
integral subgroup of G, (that is, the subgroup of matrices g, for 
which the elements of g, and of g7' are p-adic integers). By G,, we 
denote the set of all real matrices belonging to G. We consider 
infinite sequences 


8 = (Eo Eo e+ +s Spr ee+)s £r E Gp (1) 
where all the g, except a finite number belong to U,. Such sequences 


+ For the definition of a linear algebraic group see the Appendix to Chapter 1. 
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are called adeles of G. They form a group Gy. (Multiplication is 
componentwise.) 

A topology in G 4 is introduced in the following way. We take 
the subgroup G% of adeles (Zos gx +--+» p---) Where g,€U, 
for every prime p. In G% we introduce the topology of the Tikhonov 
product of the topological spaces G,, Uz» ..., Up .... This 
subgroup G% is declared to be an open set in G4. The topological 
group G4 so obtained is called the group of adeles of the given 
group G. 

The group of adeles is locally compact; this follows immediately 
from the fact that U, is compact and G „ is locally compact. 

The group Gg can be isomorphically embedded in the group of 
adeles G,. For Q is embedded in the field of real numbers R as well 
as the field Q, of p-adic numbers. Therefore G, is isomorphically 
embedded in G,, as well as in G,. With every clement r € Gg we 
associate the sequence 


(7, T, 6.65% +) (2) 


It is easy to verify that these sequences are adeles. (This follows 
from the fact that any rational number is a p-adic integer for 
sufficiently large p.) They are called principal adeles of the given 
group G. 

Let us show that the subgroup of principal adeles T = Gg is discrete 
in Gy. 

Proof. Suppose that Gg is not discrete. Then we can find a 
sequence of principal adeles (7p, Tns - ++») Tn «++ ), converging to the 
unit element of G,. From the definition of the topology in G; it 
follows then that beginning with a certain n, the elements of the 
matriccs 7, are p-adic integers for every p. But a rational number is 
a p-adic integer for every if and only if it is an integer. So we have 
shown that the elements of the matrices r, are integers from a 
certain z onward. Hence, it follows that a sequence of pairwise 
distinct matrices r, cannot converge in the topology of G,,; and so 
we have arrived at a contradiction. 


2. Irreducible Unitary Representations of the Group of Adeles. 
In this and the next subsection we show how the classification of all 
unitary representations of the group of adeles G4 reduces to the 
classification of the unitary representations of group G, p = ©, 
2, 3,.... Specifically, we show that under some conditions on G 
every irreducible unitary representation of G, is given in the 
following way: 

Suppose that for each p an irreducible unitary representation 
T,(g,) of G, is given in a Hilbert space H,. We assume that for 
all sufficiently large p the representation spaces H, contain at least 
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one vector invariant under U,. Such representations T, are called 
representations of class I. 

We choose in H, an orthonormal basis &*, k = 1, 2, ... and 
denote by &} a vector invariant under U,, if such a vector exists in 
H, 

Now we take another Hilbert space in which an orthonormal 
basis is given by the formal products ¢ = @£ip, where in each 


PD 
product i, = 1 for all p except a finite number. H is, of course, a 
separable space. 


The representation operator is given by the formula 


T(g)é = I T,(8>) Ep, (1) 
where 
& = (Eo 8o eeoa Em eee) E = Qf, 


The resulting representation of the group is called the tensor 
product of the representations T,(g,) of G,. 

We remark that the construction of the tensor representation 
depends not only on the choice of the sequence of the unitary 
representations H,, but also on the choice in each H, of a vector 
invariant under U,. Clearly, choices differing only at a finite 
number of places lead to equivalent representations; choices 
differing at an infinite number of places lead to inequivalent 
representations. Also, for many important groups, for example 
when G is a Dickson-Chevalley group, it can be shown that H, 
contains not more than one linearly independent vector invariant 
under U,. It is very likely that the corresponding statement is true 
for every reductive linear algebraic group. However, we do not 
know whether this has been proved yet. 

The construction described above for a representation of G4 
in H always leads to an irreducible representation. This can be 
proved by means of standard devices in the theory of representations, 
and we shall not dwell on it here. 

We give, also without proof, the formula for the character of 
T(g). It is well known that the character of the tensor product of 
two representations T,(g,) and T2(g.) is equal to the product of the 
characters Tr 7,(g,) and Tr T,(g}) of these representations. A 
similar result holds in our situation: the character Tr T(g) of T(g) 


is equal to 
Tr T(g) = II Tr T,(85)> 
P? 


where Tr 7,(g,) is a character of T,(g,). Here Tr T(g) must be 
understood as a generalized function, that is, as a functional on a 
suitable chosen family of functions on G4. 
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3. Proof of a Theorem on Tensor Products. The main result 
of the present section is the following theorem. 

We assume that all the groups G, are of type I and satisfy for 
all but finitely many p the following condition:+ each irreducible 
representation of G, contains not more than one vector invariant 
under a maximal compact subgroup. 

Then every irreducible unitary representation of G4 is a 
tensor product (in the sense of § 3.2) of irreducible unitary represen- 
tations of the G,, and all the 7, except a finite number are 
representation of class I. 

First we prove two lemmas. 

Lemma 1. Suppose that a locally compact topological group © is 
the direct product of two subgroups, 


© = ©, x Gy, 


where at least one of the factors, say ©, is a group of type I. Then every 
irreducible unitary representation of © is a tensor product of irreducible 
representations of ©, and ©». 

Proof. Let T(g) be an irreducible unitary representation of 
© acting in a Hilbert space H. We consider the weakly-closed rings 
R, and R, of bounded operators in H that are generated, respectively, 
by the operators T(g,), g, € G, and T(g2), g2€ ©, Let R; be the 
ring of bounded operators that commute with all the operators 
R, i= 1, 2. 

Since the elements of ©, commute with those of ©», 7(g,) 
belongs to R, and T(g,) to Ri. Hence, it follows that R, c Ry 
R, < Rj. But the rings R; and R, intersect only in operators that 
are multiples of unit operators. (For every operator belonging both 
to R; and R, commutes with all the operators T(g) of an irreducible 
representation of ©, consequently it is a multiple of the unit 
operator.) Since R, € Rj, we conclude that R, and R, intersect 
only in operators that are multiples of the unit operator. 

So we have shown that the ring R, of operators generated by 
the operators T(g,), g, € ©, is a factor. By hypothesis, this factor 
is of type I. This means that H is the tensor product of H, and H,: 
H = H, ® H, that R, consists of all operators of the form A @ 1, 
and R; of all operators of the form 1 ® B. 

Hence, it is clear that the representation operators are of the 
form 


Tla) = T1(g1) © T2(g2). 


Lemma 2. Let G be a topological group and let T(g) be a unitary 
representation of it in a Hilbert space H. If © contains a sequence of compact 
subgroups V,, n = 1, 2, ..., converging to the trivial group, then for 


+ For the definition of a group of type I see the Appendix to Chapter 2. 
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sufficiently large n there is in H a vector f invariant under all the operators 
T(v,)) Un E Vn 
Proof. We introduce the operator 


P, = f T (0n) dey (1) 


where the integration is taken with respect to the invariant measure 
dv, on V,, normalized by the condition 


feo. = 1 


We show that the sequence of operators P, strongly converges 
to the unit operator. For by definition of the topology on 6, the 
sequence 


where v, E€ V,, converges, in fact uniformly with respect to v,, to the 
unit element of ©. Hence, it follows that the sequence of operators 


To), +++) TOn) «+ 


strongly converges, uniformly with respect to v,, to the unit operator. 
Hence, for every vector f e H and every ¢ > 0 we can find an N 
such that for n > N we have 


ITS -SI < e, (2) 
no matter what v, € V, we take. 
From (2) it follows immediately that 


Paf —S ll <E, 
that is, the sequence of operators P, strongly converges to the unit 
operator. 

Since the P, strongly converge to the unit operator, we can find 
an n such that P, #0. We show that then H contains a vector 
invariant under the T(v,). For let ¢ # 0 be an arbitrary vector of 
the form » = P, f. Then we have T(v,)9 = T(v,)P,f. But from 
the definition of P, it follows immediately that T(v,)P, = P, for 
every v, € V,. Consequently, T (v,)p = p, that is, p is the required 
vector invariant under the T(v,). And so Lemma 2 is proved. 

Now we proceed to the proof of the theorem. 

Let T(g) be a given irreducible unitary representation of the 
group of adeles G4, acting in a Hilbert space H. With this represen- 
tation we associate an irreducible representation T,(g,) of each of 
the groups G» p = œ, 2, 3, 

For this purpose we “observe that G, splits into the direct 
product 

G4=G, x G; 
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of G, and the subgroup G’, consisting of all adeles g = (ga, g2,---) 
in which g, = 1. By Lemma 1 the representation T (g) is the tensor 
product of an irreducible representation T,(g,) of G, and an 
irreducible representation of G}. 

Thus, with the original representation T(g) of G4 we have 
associated irreducible representations T,(g,) of the subgroups G,, 
p= ©, 2,3,.... 

Now we show these representations are not altogether arbitrary. 
In fact, they satisfy the following condition: for sufficiently large p 
the representation space H, of T,(g,) contains a vector f, invariant 
under the operators 7T,(u,) where u, ranges over the compact 
subgroup U, consisting of all integral matrices on G,. 

We denote by V, the subgroup of adeles of the form 


vp =(1,..., 1, Uy... Uys), 


where u, € U, for q > p. The sequence of subgroups V, converges 
to the trivial group. Therefore, by Lemma 2 there exists a p = po 
for which H contains a vector f invariant under the operators 
T (Um) Ym E Vy, Let p = fo. We decompose H into the tensor 
product 

H = H, ® H, 


of the space H, in which the irreducible representation T,(g,) of 
G, acts and the space H; in which G, acts. Then the invariant 
vector f can be written uniquely in the form of a sum 


f= 2 fos ® Pis 


where fy; are vectors from A, and the y; range over a fixed 
orthogonal basis of H,. Since U, < Vp, we have 


Tu) f =f 


for every u, € U, But 


T(u)f = È (Tals) fox) ® Yo 
and therefore, 7 
T (Uy) fo. = Joi 


that is, each of the vector fp, € H, is invariant under the operators 
T,(u,). This proves the proposition. 

Irreducible unitary representations T,(g,) of G, having at 
least one vector invariant under the operators 7;,(u,), where up 
ranges over the subgroup U, of integral matrices are called 
representations of class I. 

Thus, with every irreducible unitary representation T(g) of 
the group of adeles G, we have associated a sequence of irreducible 
unitary representations T,(g,) of each subgroup G,, p = œ, 2,3,..-- 
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All the representations T,(g,), except possibly a finite number, are 
of class I. Our task is now to give a description of T (g) in terms of 
the representations T,(g,). 

Again we consider the subgroup V, of adeles of the form 
v, = (1,..., 1, Up -+ + ug... ), where u, E U, when q > p. 

As we know already, there exists a p = pọ such that H contains 


a vector f invariant under the operators T(v,,), v» E€ Vp; hence, all 
the representations T,(g,) are of class I for p > po. 
We choose an orthonormal basis fpa ..-,; fons --+ in the 


representations space H, of T,(g,); we assume that for p > fp, the 
vector f, is invariant under the operators T,,(u,), t, € Up. 
By Lemma 1, H can be represented for every p as a tensor 
product 
= (Q H) © Hy, (3) 
a<p 
where H? is the space in which the irreducible unitary representation 
T’ (g7) of the group G; of adeles of the form 
g=(1,..-,lg,---), 
acts. 
It is easy to verify that among the vectors in H that are invariant 
under the operators T(z,,) there is a vector of the following form: 
S= fcf’ 
€< Po 
where f’ is a vector in H% invariant under the operators T},(v,,). 
We assume that |f = L 
Next, it is easy to check that for every p > pe the vector f’ 
has, by virtue of (3), the following form 


f= ~~ „JL Jods Sf, Me (4) 
where f, e H}. By (4), f, can ben written in the following form 
J =U far 
q>P 


In H we consider all vectors of the form 


il Jaia Ja = I Sai . l Saw (5) 


where p > fo; i, > 1 in the last factor Jaia the vector J; is defined 
by (4). Obviously, these vectors form an orthonormal system in H. 

The representation operator T(g), g = (8, 8a +++s8p-+++) 
acts on these vectors in the following way: 


T(g) i Saia’ Sa =i (Tala) Sai) (To (25) Sp) 
= TL (TE) fess) TT, (Tele) fas) TES 
Here g! = (1.0, 1, By 00-3 8m ++). 
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Hence, it is easy to see that the vector 7'(g) II Jaia’ Sp is 


again a linear combination of vectors of the form (5 ). “This follows 
immediately from the fact that for every g¢G, there exists a 
$ > pa such that g E Vy; consequently, we have 


Ty (oy) So = Sr (6) 


Thus, the subspace H’ spanned by the vectors (5) is invariant under 
the operators T(g). Since T(g) is irreducible, we have H’ = H, 
that is, the vectors (5) form a complete orthonormal system in H. 

Formula (6) is what we seek. It expresses the given represen- 
tation T(g) of the group of adeles G4 in terms of the representation 
T,(g,) of the groups G, 

Remark. It would be interesting to find out if, for a given 
semisimple algebraic group G, only finitely many of the groups G, 
can have irreducible unitary representations containing more than 
one linearly independent vector invariant under the subgroups U,,. 


4. Criteria for the Existence of a Single Linearly Independent 
Invariant Vector. Here we give a sufficient condition for an 
irreducible representation of a topological group G to contain not 
more than one vector invariant under a compact subgroup of G. 

Let G be locally compact topological group, with a measure dg, invariant 
both under left and right translations (that is, d(g,gg2) = dg for any g, 
ga €G). Let U be a compact subgroup of G. We assume that G admits a 
map 


o: g >g, 


with the following properties : 

1. a? is the identity map. 

2. o is an anti-isomorphism, effecting a one-to-one map of G onto itself 
and satisfying for arbitrary g,, g € G the following condition: 


(8182)" = £281: 
3. For every g € G there exist uy, ug E€ U such that 


go = Uy Sule. 


As a consequence of these properties we have: 

4. Ut = U, that is, o maps the compact subgroup U onto itself; 

5. d(g’) = dg, that is, o preserves the measure. 

We show that every irreducible unitary representation G has not more 
than one linearly independent vector invariant under U. 


+ Observe that from the two-sided invariance of dg, it follows that this measure is 
also inverse-invariant, that is, dg~! = dg. 
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Proof. We consider the collection R, of continuous finite 
functions o(g) of G that satisfy the following condition: 


plugu) = p(g) for arbitrary u,, u € U. (1) 


In R, we introduce, in a natural way, an operation of addition 
and we define multiplication of two functions from R, as the 
convolution 


pi # pale) = f palen palee) der: 


It is easy to check directly that the convolution of two functions 
in R, is again a function in Ry. Thus, Re is a ring. 

We show that the ring Ry is commutative. 

For this purpose we observe that by 3 a function p € R, satisfies 
the relation 


plg) = v(g). 


Consequently, 


Yr * Pelz) = f vile. valer") dg, 


= | ple vele(ot)) der = f wiles) Wee’) der 


The last integral is a function in Ry, consequently its value does 
not change when g” is replaced by g. In other words, we have 


vs + yale) = foiled valee’) der = | vile) veleer) de 


= Í yale) valerie) de. 


So we have shown that p1 * Ye = Pa * Pı 

Now let T(g) be a unitary (but not necessarily irreducible) 
representation of G. Then we can associate with every element 
p € R, the operator 


T, =| WDT as 
An immediate verification shows that 


Ti ortiees = AT, + lT oy 


T pro = T,,T o 
for arbitrary 9, p E€ Ro and any complex numbers å,, 42; consc- 
quently, the correspondence 
p >To 
is a representation of Ro- 


280 REPRESENTATIONS OF ADELE GROUPS 


Thus, to every unitary representation T(g) of G there corresponds a 
representation of the commutative ring Rg. 
We show that the operators T p, p € Ro, have the following property: 


T (u,)T,T (us) = Ty (2) 


for arbitrary u,, ú E U. 
For by definition we have 


T, = f WTE) de; 
consequently, 


T(n) T,T (u) = f 0e) T (igu) de 


= | puan) Tg) de = [MOT e) de = To 


We denote by M the subspace of those vectors f of the represen- 
tation space of T'(g) for which 


T(u)f =f for every u eU. 


From (2) it follows that the operators T,, p € Ro, carry the repre- 
sentations space H of T(g) into M. In particular, M is invariant under 
the operators T p p E Ro. 

For by (2) we have 


T(u)(Tyf) = Tef 


for every f € H and every u e U. 

We have to show that if T (g) is an irreducible representation, 
then the dimension of IM is either 0 or 1. 

Suppose the contrary: the dimension of M is greater than I. 
Since R, is a commutative ring, the operators Tp, p € Ry, form a 
commutative system, because Jt necessarily contains a proper 
invariant subspace M #0. We fix a vector f’ AO in W and a 
vector f € M orthogonal to W. 

We consider the set Ñ’ of vectors of the form 7,f’, where y 
ranges over all finite continuous functions on G, and 


T, =f v(g) T(g) de 


Let H’ be the closure of this set in H. 

It is not hard to see that A’ is a lincar subspacc of H, invariant 
under the operators of T (g), and H' Æ 0. 

We show that A’ is orthogonal to f. Hence, it will follow that 
Tl’ is a proper invariant subspace of H, and this contradicts the 
irreducibility of H. 


§3. THE GROUPS OF ADELES G, AND THEIR REPRESENTATIONS 281 


Since T(u) f’ =f’ and T(u) f = f for every u € U, we have 
(TofS) = (Ma) ToT) FS) 
for arbitrary u, and u, We integrate both sides of this equation 


with respect to u, and u, and assume that the measure of the com- 
pact subgroup U is equal to 1. We find that 


(T SP = (EFS), 


where 
T = Í T (u) TT (uz) du, dug = Í Ple) T (ugus) dg du, dus 
= Í (ures!) T (8) dg din dus 
Setting 
¢(g) = f o(argus) du, dis, 
we have 


T = T; 


Obviously ¢ satisfies the relation (u, gu») = ¢(g) for arbitrary u, 
üz € U, and so ĝeR, But then Tf’ eM’, and consequently 
(IF, f) = 9. 

Thus, we have shown that (T, ,f',f) =0, for every finite 


function g. Consequently, f is orthogonal to A’, and the theorem is 
proved. 


5. Second Theorem on Tensor Products. Here we establish 
another criterion for an irreducible unitary representation T(g) of 
G4 to be a tensor product of representations of the groups G,. 

By analogy with the group of adeles A, we introduce the 
concept of a Schwartz-Bruhat function on Gy. 

We denote by S, the space of infinitely differentiable quickly 
decreasing functions on G,, and by S, the space of finite piecewise 
constant functions on G,, p = 2, 3, . 

We consider the functions on G, that are representable as an 
infinite product 


P(8) = Polo) Polga) Polg) °°" > (1) 


where the factors 9,(g,) satisfy the following conditions: 

l. Poa ES,; Pp E Sp P = 2, 3,... 

2. For all p except a finite number 9,(g,) is concentrated on 
the subgroup U, of integral matrices and is identically equal to 1 
on this subgroup. 

We define a Schwartz-Bruhat function on G4 as a function (g) 


that is representable as a finite linear combination of functions of 
the form (1). 
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Now let T(g) be an irreducible unitary representation of G4. 
We set 


T, = fT dg. 


Then we have the following proposition. 

If for every Schwartz-Bruhat function œ the operator T , is completely 
continuous and has a trace, then T (g) is a tensor product of irreducible 
unitary representations T (gp) of the groups G, Furthermore, each 
representation space T,(g,), beginning with a sufficiently large p, has one and 
only one linearly independent vector invariant under the subgroup U, of 
integral matrices. 

Proof. The first part of the proposition, namely, that T(g) 
is a tensor product of the representations 7,(g,) and that each 
representation space 7,(g,) beginning with sufficiently large p 
contains at least one vector invariant under U,, is proved almost 
word for word as Theorem 1 in § 3.3. The only difference is that 
the proof is based not on Lemma | proved on page 275, but on the 
following lemma proved in Chapter 2, Appendix, page 223. 

We assume that an irreducible representation T(g) = T( £1, 82) of the 
group G = G, X G, has the following property. 

There exists a function œ, summable on G, of the form 


(81s G2) = P1(81) P2(S2) 
for which the operator 


T, = f (er ga) T (8n 8a) des des 


is nonzero and completely continuous. 

Then the representation T (g) is a tensor product of irreducible 
representations of G, and G,. 

We show that each representation space T,(g,), beginning 
with a sufficiently large p, contains only one linearly independent 
vector invariant under U,. ` 

By what we have proved, there is a p = pọ such that for p > fo 
the representation space of T,(g,) contains at least one vector 
invariant under U,. We consider a Schwartz-Bruhat function of 
the form 

P(8) = Polo) Pals) +++ PolEn) ++ +> 


where ¢,(g,) for p > fo is the characteristic function of the set 
U, € Gp 
Then we have 
T, = To, DTD- OTp D. 


and 
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where 
Tp, = | pole) Tales) des 


Gp 
is an operator in the representation space of T,(g,), and Tr Tp is 
the trace of this operator, p = œ, 2, 3,.... 
For p = œ and for p < pf, we assume the function ¢,(g,) to be 
chosen so that Tr T,, # 0. 
Now we observe that for p >, the operator T, has the 


following form: 
Ty, =| Taleo) dy 


Up 

Hence, it is a projection operator onto the subspace of vectors 
invariant under u,. Therefore, Tr T,, = n, for p > po, where n, 
is the maximal number of linearly independent vectors in the repre- 
sentation space that are invariant under U, 

We assume that n, > 1 for an infinite set of p. Then the 
product (2) diverges, but this contradicts the hypothesis on the 
existence of a trace of T,,. So the proposition is proved. 
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OF UNIMODULAR MATRICES OF ORDER 2 


1. Statement of the Problem and Summary of the Results. 
Let G be the group of unimodular matrices of order 2 over the field 
of rational numbers Q, and © = G, the group of adeles associated 
with it. We denote by T = Gg the subgroup of principal adeles of 
Ga- As was proved in § 2, I is a discrete subgroup of G4. The 
present section deals with the problem of decomposing the represen- 
tation of G4 generated by the homogeneous space X = I’ \ G4 into 
irreducible representations. 

The relationship of this problem to the corresponding one 
discussed in Chapter 1, where © is the group of real matrices of 
order 2 and T a discrete subgroup of it, will be clarified in § 5, 
Appendix II. The methods to be applied here are similar to those of 
Chapter 1. We now state the main results of this section. As a 
preliminary we introduce the concept of a horospherical subgroup 


and a horosphere (see Chap. 1, § 6). A subgroup of adeles of the 
form 
Z = (Zo Zo + © +3 Zp» +e) 


1 


* 


0 
where z, = ( ') (* denotes an arbitrary p-adic number), and 


any subgroup conjugate to it are called horospherical subgroups. 
Horospheres in the homogeneous space X are defined as orbits 
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of a horospherical subgroup. We are mainly interested in compact 
horospheres. 

It is not hard to check that the transformation x — xg, g E€ Gy, 
carries a horosphere into a horosphere, and a compact horosphere 
into a compact horosphere. In § 4.3 we shall show that in the space 
X = T \ G3 the set of all compact horospheres is transitive, that is, 
for every pair of compact horospheres there exists a transformation 
carrying one into the other. In other words, the space Q of all 
compact horospheres of X is homogeneous. As we shall show in 
§ 4.7, this space has an invariant measure. 

We introduce the horospherical map of the space L,(X), that 
associates with every function f(x) € La(X) a function gy(@) on Q: 
(œ) is defined as the integralt of f(x) over the horosphere w. 

It can be shown (see § 4.5) that the kernel H° of the horo- 
spherical map is a closed invariant subspace of L,(X). 

Let H’ be the image of L,(X) under the horospherical map. 
We endow H’ with the structure of a Hilbert space by setting 
H’ ~ L,(X)/H°. Then L£,(X) is isomorphic to the direct sum 


LX) = WOH’, 


so that the investigation of the spectrum of L,(X) reduces to that of 
the spectra of H° and H’. 

In § 4.6 it will be shown that the space H’ has a countable 
spectrum of finite multiplicity, that is, the representation of G4 in 
H? splits into the direct sum of a countable number of irreducible 
representations, and each of them occurs with finite multiplicity. 

The principal task of this section is the study of the spectrum of 
the space H’. The main result consists in the following (see § 4.17). 
The space H’ is the direct sum 


H’ =C @® H” 


of the subspace of constants C and a subspace H” c L,(Q). Here H” 
contains all irreducible representations of G4 that occur in L,(Q), and each 
of them with multiplicity \ (in contrast to L,(Q) itself, where they occur 
with multiplicity 2). 

We mention that the classification of the spectrum of L,(Q) is 
an elementary problem (it is solved in § 4.9). 

Now we indicate briefly the way in which this result is achieved. 
Two operators play the main role in the proof: 


B: §(Q) + C(Q) 
and 
M: 9(Q) >, 


+ The measures on all compact horospheres are normalized so that each of them 
has measure 1. 
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where S(Q), ¢(Q), and C(Q), respectively, are the spaces of fast 
declining, finite, and continuous functions on Q. 

The operator B is defined as follows. In the space Q there is 
given a set of closed surfaces (horospheres), forming a homogeneous 
space isomorphic to Q. If p(y) €$(Q), and w is an arbitrary 
horosphere, we define (By)(w) as the integral of p(y) over the 
horosphere w. Thus, By is a function on the set of horospheres in 
Q. Since this set is isomorphic to Q, By can again be regarded as a 
function on Q. 

Main THEOREM ON THE OPERATOR B (Theorem 5), There 
exists a subset y, of functions on Q having the following properties : 

1. y, ts everywhere dense in L,(Q). 

2. By e L,(Q) for every y e®.. 

3. The operator B can be extended from the subset y, to a unitary 
operator B on the whole space L,(Q). Here B satisfies the relation: B? = E, 
where E is the unit operator. 

An effective construction of this family ¥, and a proof of the 
theorem will be given in § 4.12 and § 4.13. 

On the basis of this theorem it is not hard to show that B, = 
for every finite function y satisfying the condition: By e L,(Q). 

The second operator M is defined in the following way. Every 
function y € ®(Q) gives rise to a continuous linear functional 
(y, p) in the space H’ defined by the formula 


P 


(p, 9) = fv) d, peH. 


Q 


Consequently, by the theorem of Riesz, there exists a function 
ý e H' such that (y, p) = [ọp, ý] for every p e H’; the brackets 
refer to the scalar product in H’. We set, by definition, My = #. 
It can be established that a simple relationship holds between 
the operators B and M: 
M=E-B, 


where Æ is the unit operator. 

Main THEOREM ON THE OPERATOR M (Theorem 9). There 
exists a set M of finite functions defined on Q and having the following 
properties : 

1. M is everywhere dense in L,(Q). 

2. MeL,(Q) for every y EWM. 

3. The functions My, ye M, belong to H” (H” is the orthogonal 
complement in H' to the subspace of constants) and form in H” an everywhere 
dense subset. 

An effective construction of this family WM and a proof of the 
theorem are given in § 4.16. We mention that the proof of the 
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main theorems on the operators B and M are based on a property 
of the Dirichlet Z-functions. 

On the basis of the theorems on the operators B and M it is easy 
to prove the following proposition: 

The operator M can be extended from Mt to a bounded self- 
adjoint operator M = E + B defined on L,(Q) and satisfying the 
relation M? = 2M; the image of L,(Q) under the map M coincides 
with H”. 

Hence, it follows that H” c L,(Q). 

The proof that H” has a spectrum of simple multiplicity is 
based on a property of the operator B, which will be established in 
§ 4.13. 


2. The Structure of the Space X. In this subsection we show 
that X = T \ G, is a fiber bundle whose base is the space Gz \ G » of cosets 
of the subgroup of integral matrices Gz in G „, and whose fiber is the group 

= [[ U,, where U, denotes the set of all integral p-adic matrices of order 


2 with determinant 1. 

First we prove the following lemma. 

Let g be a matrix of order 2 with elements from the field of p-adic 
numbers and with determinant 1. Then there exists a matrix y with rational 
elements such that: 

l. yg EU, 

2. y e U, for every q Æ p. 


a b 
For let g~t = ( a} We denote by a,, bns Cm d,, rational 
c 


numbers that are congruent, respectively, to a, b, c, d modulo p”, 
and whose denominators are powers of p. We set 


a, r) 
Ya >= Cn dpf 


It is not hard to verify that a,, bns ¢,, d, can always be chosen so that 
the matrix y, is unimodular (see the analogous proposition on p. 
112). Obviously, y, satisfies for all z condition 2 of the lemma, and 
for sufficiently large n also condition 1. So the proof of the lemma is 
complete. 

Let g = (£w 82 +++ Zp. +++) be an arbitrary element of Gy. 
Since there are only finitely many g, ¢ U, it follows from the lemma 
that there exists a ye IT for which yg = (hq, hz». -> fp...) 
where hk, € U, for p = 2, 3,.... 

In other words, every coset Tg contains an element A € Tg such 
that 4, € U, for all p except p = œ. 

Let us “find out under what conditions two elements h and h’ 
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of this form belong to one and the same coset Ig of T in G. 
Obviously, if k, k € Tg, then kp = yh, where y is some integral 
matrix, since for p = 2, 3, ... both A, and k, = yh, are integral 
p-adic matrices. In other words, the first co-ordinates h,, of these 
elements belong to the same coset Gzh,, of the subgroup Gz of all 
integral matrices in G,. 

So we have established a map 


of X into the space of cosets of Gz in Go. It is not hard to verify that 
this map r is continuous. 

Let us find the complete inverse images of the elements in 
G,\G,, under r. Clearly, r(x) = r(x’) if and only if x’ = xu, where 
u belongs to the subgroup U of elements of the form 


(1, ug, -- +5 Up), u, E U,. (1) 


On the other hand, it is easy to check that xu = x only for u = 1. 
Hence, the complete inverse image r~1(_y) any element y € Gz \ Co 
is isomorphic to U. 

So we have established that X is a fiber bundle with the base 
Gz \ Go and fiber isomorphic to U. 

The verification that this fibering locally has the structure of a 
direct product is trivial. Note that the fiber space itself is, of course, 
not a direct product. Its monodromy group is isomorphic to Gz, 
as is easy to verify. 

Without proof we mention that the analogous result on the structure of the 
homogeneous space X = Gg \ G4 is also valid for every linear algebraic group G. 

We recall that the homogeneous space Gz\G, of G, has 
finite volume (see Chap. 1, App.). Since U is a compact group, it 
now follows immediately from our result above that the volume of the 
homogeneous space X is finite. 


3. Description of the Space © of all Compact Horospheres of X. 

We recall that horospheres in X are defined as orbits of a 
horospherical subgroup, that is, a subgroup gZ4g~1, where Z4 is a 
group of adeles of the form 


Z = (Zos Zap +< Zp» b 


1 0 
for which z, = ( ] (+ denotes any p-adic number), and g is an 
* 


arbitrary fixed element G4. 
We wish to describe the space Q. 
Let Dg be the subgroup of T consisting of the adeles of form 


(6,6,...,6,...), 
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A 0 
ô = , 
(a) 
and å ranges over all nonzero rational numbers. Let us investigate 
the subgroup DgZ, generated by Dg and Z4. 

In this subsection we prove the following theorem. 

The space Q of compact horospheres is homogeneous with stability group 
DoZa 

We divide the proof into several steps. First, we consider a 
horosphere x, = x Z, where x, is the point of X = T \ G4 correspond- 
ing to the unit class, and z ranges over Z4. We show that the 
horosphere x, = xoz is compact. 

Since the stability group of x, is I, the set of all horospheres 
xa = Xqz is obviously homeomorphic to the space Zo \ Z4. Thus we 
show that Zg \ Z4 is a compact space. 

Observe that Z, is isomorphic to the group A of adeles 


where 


a = (Ay, Az) +++, pe) 


where a,, ranges over the additive group of real numbers, a, over 
the additive group of p-adic numbers, and all a,, from some p 
onward, are p-adic integers. So we have 


Ze\ Zz Q\A4, 


where Q is the subgroup of principal adeles of A. The compactness 
of the space @ \ A was proved in § 1.4. 

Hence, we have proved the compactness of horospheres 
X, = Xp. 

Now we show that every compact horosphere in X can be obtained by 
a translation of the horosphere x, = xoz, that is, the set of compact horospheres 
is transitive. 

Since a translation of a compact horosphere is again compact, 
it suffices to consider only horospheres of the form x, = %9gzg7*. 
Thus, let x, = x9gzg-! be a compact horosphere. Then the inter- 
section T N gZ,g-? of the group gZ,g-! with the stability group T 
of x, is not trivial. Hence, there exists a principal adele 


Y= (Ms P” oe 
y Æ e, that is representable in the form 
y = 87g, (1) 


where z is some element of Z4. 
The decomposition y = gzg-! shows that the eigenvalues of the 
rational matrix y are equal to 1. But then there is a rational matrix 
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1 0 
yo such that yp'yy> is a matrix of the form ( i} Denoting by 
Zo 
the same letter yọ the principal adele yy = (yo,.--, Yo +»), We 
have 


YT YYo = Zo E La, 
Thus, 


Y = Yo20%o'» 


where yo € I, z E ZA T = Zo, and therefore (1) can be rewritten 
in the form 


YoZ0Vo = 828". (2) 
But from (2) it follows that the adele y5tg is of the form 
yE = k = (kos ko ++ +a koee), (3) 


where the k, are triangular matrices of the form 


» 0 
as : 


So we see that if the horosphere x, = xgzg_! is compact, then 
the adele g has the following form: 


s= Yok, 
where y, € I’, and k is an adele of the form (3). But since obviously 
kZ 4k! = Za, 


the equation of the horosphere x, = x)gzg~? can be written in the 
form x, = XpVoZVo' or, because x79 = Xo, in the form x, = xgzyQ". 
So we have proved that every compact horosphere in X can be 
obtained by a translation of the horosphere xZ. 
Hence, every compact horosphere in the space X = T \ G; is 
given by the equation 
Xz = X28, 


where x is the point of X corresponding to the unit class. Gonse- 
quently, the set Q of compact horospheres in X is a homogeneous 
space relative to the group G4. 

Finally, we show that the stability group of the horosphere 
x, = xZ is DgZ,. Suppose that g carries the horosphere x, into 
itself. Then we can represent x, in the form x9 = x9zg. Conse- 
quently, there exists y e I, such that 1 = yzg, where | is the unit 
element of G,. Hence we have: g = z~1y~1, where z~! e Zy, 
yoer. 

Without loss of generality we may assume that z is the unit 
element. Then g = yo is a principal adele. 
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From the fact that the horospheres xz and xoZyo coincide, it 
follows that every element z € Z, is representable in the form 


zZ = yZ Y» yell, zeZy. 


In this equation we go over from the adeles to their first components, 
and we set 


1 ) 1 0 a b i ay bo 
Zo = ; Zo = > = ’ -> = . 
x 1 w ap * Ne ap 7 Cy dh 


We find that 
( o bo ) (' + bx’ ‘ 
Cy + aox dy +- box Net de’ cf 


hence, in particular, 


c = dy + bo. 


Since x ranges over all real numbers, and ¢ is a rational number, 
it follows from this equation that bẹ = 0. But then it is obvious that 
Yo E DoZ. 

So we have shown that DgZ, is the stability group of the space 
© of horospheres, and the theorem is proved. 


4. Cylindrical Sets. As we know, at least one compact 
horospheret passes through every point x e X. We consider the 
pairs (x, œ), where w is a compact horosphere and x € œ, We 
denote by Q x the collection of all such pairs (x, w), with the natural 
topology. There are natural continuous maps 


Ox 
X Q 


defined by the formulae 7,(x, œ) = x and m(x, w) = w. 
Let F, be a subset of Q and F, = ~3'F, its complete inverse 
image under m, We write: F = 7,F, = m, ° 7;'Fy. Then there 


are maps 
F, 
F Fy 


+ Note that only a discrete set of compact horospheres passes through every point 
xe X. 
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We call F, = az1F a cylindrical set if it satisfies the following 
conditions: 

1. The map 7,:F, — F is a homeomorphism. 

2. The fibering of F, given by the map m: F, — Fy is trivial. 

We also call F c X a cylindrical set, when this does not lead to 
confusion. 

Since in the case of a cylindrical set F, the map F, >F is a 
homeomorphism, we have a naturally defined map 


F — Fy. 
This map yields a trivial fibering of the set F: 
Fe (Zo \ Za) x Fo 


whose base is the subset F, of compact horospheres, and whose fiber 
over the point w € F, is the set of all x € w. 

We mention the following trivial property of cylindrical sets: 
if 7z1F, is a cylindrical set and Fj © Fy, then 73*F, is a cylindrical 
set. 

Tueorem l. For every point œw e Q there exists a neighborhood 
Fo such that wy1F, is a cylindrical set. 

Proof. To begin with we construct a global section N in the 
fiber space G, — Y = Z4 \ Ga. We denote by N c G, the set of 
elements g € G, of the form 


& = (Boos Ba++ +9 Spree) 
where 


( lo bo ) 
So =| (a +) bo (a2, +) e] 


ay by 
£r = 2 2\— 2 2\-1, P 
(a = Enba) lesby (a = £,b?) ay 
An bm ER; ap b EQ; & EQ, 


is a fixed element of norm 1 and not a square in Q,. 

An immediate verification shows that N is a section, that is, 
every element g¢G, has a unique representation in the form 
g =z, z6Z,, neN; the map (z,y) ~(zn)~m=g is a 
homeomorphism of the spaces Z4 x Y and Gy. 

Here the invariant measure dg on G, is expressed by the 
formula 

dg = dz dy, 


where dz and dy, respectively, are the invariant measures on the 
subgroup Z, and in the homogeneous space Y. 

Now let w e Q. We have to construct a neighborhood Fy of œw 
for which 7;1F, is a cylindrical set. - 
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Suppose that the equation of the horosphere w has the form 
Wt X, = XgZUg, uy E N. 


We take a sufficiently small neighborhood U < N of the point u 
in N. Let Fy be the set of all horospheres of the form 


X, = Mq2U, u e U. 


Obviously, Fy is an open set in Q, and w € Fy. We show that if the 
neighborhood U of the point uy is sufficiently small, then a,1Fy is a 
cylindrical sct. 

Let F = 7, ° 73F), that is, F is the set of points on the horo- 
spheres w € Fy. Every point x € F can be represented in the form: 


x = Xozi, (1) 
where z € Zo \ Zy, u EU. 

We show that if the domain U is sufficiently small, then the 
elements z € Zo \ Z4 and ueU in (1) determine the point x 
uniquely. For if this is not the case, then there exist sequences 
Zm Zw E€ Zo \ Zaum ty E Nsuch that (Zp un) Æ (Zn Un) Un, >e 
and XoZnin = Xoz u, for every n. Let Z, and 2; be fixed inverse 
images in Z4 of the elements z,, Z, E€ Zọ\ Za- Then we have 
Żnin = ¥nZu,, Where y, ET. Since Zo \ Z4 is compact, we may 
assume that Z, and 2; belong to a compact set; consequently, we 
may assume that 2, —> 2, 2 > z' asn — œ. But then the equation 
ZU, = Y,z,u', shows that y, tends to a limit belonging to Zg < I. 
Since T is discrete, y, belongs to Zo for sufficiently large n. Conse- 
quently, it follows from the equation 2,u, = 7,2;,u', that Z, = ypZn; 
u, = u, for sufficiently large n; hence, (Zn, un) = (Zp Un). But 
this contradicts our assumption. 

So we have shown that for a suitable choice of the domain U 
the elements z € Zg\ Z4 and u € Ų in (1) determine the point x 
uniquely. 

Hence it follows immediately that 7;Fy is a cylindrical set. 
Indeed, the continuous map 


miinz Fo > mnz Fo 
is one-to-one. Consequently, since 7;1Fy is a compact set, 7, is a 
homeomorphism. On the other hand, the decomposition (1) gives 
the homeomorphism 
nz Fa = (Zo \ Za) : U = (Zo \ Za) Fo 


Thus, the fibering 7z'F, — F, is trivial, and the theorem is proved. 

We make a supplementary remark about the measure on a 
cylindrical set. Let F < X be a cylindrical set in X, that is, F has 
the trivial fibering into horospheres: 


F= (Zo \ Za) -Fo F, € Q. (2) 
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It is casy to check that the homeomorphism (2) can always be given 
in such a way that the invariant measures dx, dy, dz, respectively, in 
the spaces F c X, Fy € Q and on the group Zg \ Z4 are connected 
by the relations: 


dx = dz dy, where x = (z, y). 


5. The Horospherical Map. With every function f(x) € La(X) 
we associate its integral over the compact horospheres in X: 


elg) = Í J(xoz8) dz, (1) 
ZeQ\Za 


where x, is the point in X corresponding to the unit class. We call 
the correspondence 
f(x) > (8) 
the horospherical map. 
Obviously, the function g(g) satisfies for all 6¢ Dg and 
z € Z, the following condition: 


p(dzg) = 9(g). 


Thus, it can be regarded as a function in the space of horospheres 
Q = DgZ,\ Ga and we write y(y), Y € Q, instead of (g). 

Let us show that the integral (1) converges for all horospheres y, with 
the exception of a set of horospheres y € Q of measure O. Furthermore, the 
function p(y) defined by (1) is summable on every compact subset K © Q., 

Proof. We choose an arbitrary compact cylindrical set F € X; 
let Fy € Q be the natural image of F in the space Q. Then we have: 
F = (Zo \ Za) Fo and therefore, the bounded function f on F can 
be regarded as a function f(z, u) on (Zg\ Z4) x Fy. This function 
is summable on F with respect to the measure dx = dz dy. Conse- 
quently, by Fubini’s theorem, the integral 


f Feza dz = f f(z, u) dz 
ZQ\Za Za\Za 
converges for almost all u € F, and is a summable function on Fo- 


Since by Theorem 1 the sets F, form a covering of Q, the 
integral 


| Fraze) az 
Ze\Za 
converges for almost all horospheres_y € 2 and gives a function on 
Q that is summable on every compact domain. So the:proposition is 
proved. 


TuHeorem 2. The kernel H° of the horospherical map is a closed 
subset of L.(X). 
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Proof. Let F be a compact cylindrical domain in X. We 
denote by Hp the subspace of functions f(x) € L,(X) for which the 
integrals over the horospheres into which F is fibered are zero. Then 
it is obvious that 

H’ = NH,, 


where the intersection is taken over the set of all compact cylin- 
drical domains F. Thus, to prove ‘the theorem it is sufficient to 
verify that every Hp is a closed subspace. 

For this purpose we introduce the space H} c L,(F) of 
functions f* € L,(F) for which the integrals over the horospheres 
into which F is fibered are zero. We show that H} is closed in L,(F). 

For since F = (Zo \ Z4) : Fo L,(F) is isomorphic to the space 
of functions f*(z, y), Z E€ Zo \ Za J € Fy © Q for which 


Ist = [iter de dy < ©, 
F 


Here Hù, is isomorphic to the subspace of all functions for which 


f Fa) az =0 2) 
Ze\Za 
for almost all y e Fy. Since Zg\ Z4 is compact, this subspace is 
closedt in L,(F). 
Now we observe that the space Hy © L,(X) is the complete 
inverse image of the space H} © L,(F) under the natural map 


L,(X) > L,(F) 


(associating with every function fe L,(X) its restriction to F). 
Since this map is continuous and H$ is closed, Hp is a closed subspace 
in L,(X), and Theorem 2 is proved. 


6. Investigation of the Kernel of the Horospherical Map 
(Discreteness of the Spectrum). Let H° be the kernel of the 
horospherical map, that is, the subspace of functions f(x) € L.(X) 
whose integrals over any compact horosphere are zero, According 
to § 4.5 this condition on f(x) can be written: 


Í f(xozg) dz = 0 (1) 
ZaZa 


for almost all g e G4 (x) denotes the point of the space X = T \ G4 


+ In fact, condition (2) is equivalent to the following: f f*(z,y)u(y) dz dy = 0 for 
every continuous function u(y) on Fo. Since Zg\Z, is compact, we see that 
(u, f *) = f f *(z, y)u( y) dz dy is a continuous functional in L,(F). Consequently, the 
set of functions f * E€ L,(F) for which (u, f *) = 0 is closed in L,(F). 
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corresponding to the unit class). In § 4.5 it was shown that H” is 
closed subspace of L,(X). Obviously H? is invariant under the 
representation operators of G4: 


T(g) f(x) =f (xg). 


The object of this subsection is the proof of the following theorem, 
THEOREM 3. The representation of G4 in the space H° splits into 
the direct sum of at most a countable number of irreducible representations, and 
each representation occurs in this decomposition with finite multiplicity. 
Proof. As was shown in Chapter 1, § 2, it is sufficient to prove 
that the operators 


T; = fore dg 


Ga 


in the space H° are completely reducible for an everywhere dense 
set of continuous positive-definite functions y(g). As such a set we 
choose the positive-definite Schwartz-Bruhat functions} on G4. 

However, to show that the positive-definite operator T,, is 
completely reducible it suffices to show that its trace is finite. Thus, 
to prove Theorem 3 we have to show that the trace of the operator 
T, in the space H’ is finite for every positive-definite Schwartz- 
Bruhat function. 

We begin by showing that X can be represented as the union of 
a compact and a cylindrical set. For this purpose we examine the 
map 


T: X > Gz \ Gos 


defined in § 4.2. According to Chapter 1, § 6, the space Gz \ Go 
can be represented as the union of the compact set E„ and the 
cylindrical set Fẹ. Let E = 71£, and F = TF, be the inverse 
images of E„ and F„ under 7. Obviously, E is a compact set. We 
show that F is a cylindrical set, that is, it is fibered into compact 
horospheres, and the fibering is trivial. 

For by assumption the points x,, E€ F have the form 


Z collars (2) 


where x®, is the fixed point in Gz \G,, corresponding to the unit 
class, Zo € Z, \ Za and u,, E Up, where U,, is some subset of G,,. 
Here the map (Z,\ Za): U» ~F., defined by (2) is a homeo- 
morphism. It can be checked without difficulty that F consists of 
the points of the form 

x = XqZU. (3) 


ł For the definition of Schwartz-Bruhat functions on G4 see § 3.5. 
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Here z € Zg \ Za, u ranges over the set U of elements of the form: 


Uu = (Uo Uze e., Up eoo) 
a, b, 
— ebp) tenba (a, — epb3) 7an] 


D? 


ü, EU = 

~ w9 uy ( 
and u, € Up, where U, is the subgroup of integral matrices of G, 
(see § 4.4). We have to verify that the map (Zg\Z,4):U' >F 
defined by (3) is one to one. 

We assume that x)Zu = x9z’u’. Then there exists a y € I such 
that y zu = z'u’. We represent z and z’ in the form z = yZ, 
z’ = yz, where y, y’ E Zg, Z,, 2% are elements of Z4 such that 
(21) (21), E Up O Zp p = 2, 3,.... 

Then we have y’—!yoyz,u = zu’ and therefore, 


yyy (Zitt) » = (ziu) p $= 2,3,.. 


Since (z,u),, (zu’), € Up it follows that y’ -yoy € Gz. But then the 
equation y’~!yoyv(Z,4) » = (Zju’). Shows that u, = u; therefore, 
y lyy E Zo. Since y, y’ € Za, this proves that yọ € Zo. Conse- 
quently, it follows from the equation yọzu = z’u’ that z and z’ 
belong to one and the same class in Zg \ Z4 and that u = w. 

So we have shown that F is a cylindrical set. 

We denote by Hy the collection of all functions in Z,(X) that 
are concentrated on E, and by Hj, the collection of all functions in 
L,(X) that are concentrated on F and for which the integrals over 
the horospheres into which F is fibered are zero. 

Obviously, H° c H, — Hb. Therefore, the tracet of the 
operator T, on H’ does not exceed the sum of the traces on Hg and 
H}.. The operator T, is positive-definite and an integral operator 
(see Chap. 1) with a kernel K(x,, x.) that is bounded in every 
compact subdomain of X. Therefore, its trace on Hy, is finite. The 
proof that the trace of T, on Hy, is finite proceeds just as in Chapter 
1, § 6.5. 


7. The Spaces Y, Q and E. The main object of study in 
the subsequent investigation is the spectrum of the representation in 
the space L,(X)/H®. Later, we shall see that the problem of the 
spectrum of L,(X)/H® can be reduced to a simpler problem: the 
study of the representation in L,(Q), where Q = DgZ,\ Ga 
First, we turn to the solution of this simpler problem. 

We begin with a description of the space y = Z4 \ G4, which 


+ By the trace of the operator Tg on a subspace of H (which is, in general, not 
invariant under the operator Tọ) we understand the trace of the operator PTP, where P 
is the projection operator onto the subspace of H (see Chap. I, § 6). 
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by analogy with the case of the group of real matrices of order 2 we 
call for convenience the underlying affine space of G 4. 
We show that the points of Y can be given by infinite sequences 


I = (JoJo s Ioe) (1) 


where y, = (31, 92) is a vector of the two-dimensional affine space over the 
field of p-adic numbers, y, #0, and from a sufficiently large p onwards, 
the numbers y! and 3}, are integers of which at least one is of norm 1. 

To see this, we associate with every element 


8 = (Sar Ba++ +>8m-+++) 
of G4 the sequence 


I = (Voor Ia» +++ Inv +++) 


where y, is the upper row of the matrix g, f = œ, 2, 3,.... 
Obviously, g —> y is a map of G, onto the space y of all sequences of 
the form (1). Let us find the stability group of Y. We fix in Y the 
point 

P = (Por Io oe Door) 
where y9 = (1,0). Clearly, the stability group of »° is Z4. Hence, 
Y = Z,\G,. This proves the proposition. 

From the description of the space Y it is clear that it is naturally 
embedded in the two-dimensional space A? over the group of adelcs 
A. Moreover, it forms an everywhere dense subset in A?, just as the 
group of ideles A* forms an everywhere dense subset in A. 

We show that Y is a subspace of full measure in A®, that is, for 
every measurable set F < A? the sets F and F A Y have the same measure, 

Proof. We consider the subset F” of vectors of the form 


2 = (Door Io -Imee 


where y, for p < fe ranges over a measurable set in QZ of measure 
up and |y, | <1 for p > fpo Clearly, the union of these sets is the 
whole space A?, hence it is sufficient to prove the proposition for 
these sets F%%, 

Since the measure of the set of points y, € Q3 for which |p,| < I 
is 1, the measure w(F) of F% is we *** Hp We now compute 
the measure u(F®) N Y) of F® Nn Y. We denote by F”, p > fo, 
the subset of vectors in F', with | y| = 1 for p’ >p. Since the 


measure of the set of points y, € Q?. for which |y,| = 1 isl ——, 
we have 
1 
(F$) = Hok: `’ py II (1 ~~ =) 
PZP p 


= wre) TI (1 = 55): 


p>p 
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Obviously, the set F'% N Y is the union of the sets FY, and 
therefore 


(F OY) = lim (Fœ) = (F) lim JI (1 — =): 
po 


12 
po p> p $ 


From the fact that the product [[ (1 — x) converges (i is equal 
Pp 


1 6 ) . . ( 1 ) 
to ~~ =-—], it follows that lim 1——) =1. Thus, 
£(2) m? pra H, p? 


u(E A Y) = p(F), as required. 
The group G, acts in Y in the following way: the element 
E = (ar £» » + -+ Zp +++) Of Gy carries the point 


J= (VaI Ipm») 
of Y into 


IE = (Jola 2825 +++ Ilm +++) (2) 


where »,g, denotes the result of applying the matrix g, to the row 
vector Yp- 

Note that (2) defines the action of G4 on the whole space A’. 
Relative to G, this space splits into transitive parts, of which one is Y 
and the others are of the form aY, a € A. 

Now we establish a connection between Y and the space of 
horospheres Q. 

We define in Y an action of the idele group A*. With every 
idele A = (Aq, Ag, -+ -> Ap --++) we associate the transformation 
y — dyin Y, which carries every point y = (Jas a) +++ sJpv+++) fY 
into 


Ay = (And o> Ag Jar -> Apdo +--+) (3) 


From the description of the space of horospheres Q derived in 
§ 4.3 it follows immediately that 


Q = Q*\Y, 


where Q* is the subgroup of principal ideles. Thus, as a factor space 
of Y by a discrete subgroup, © is locally isomorphic to Y. 

Let us show how to define the invariant integration on Y and 
Q. Let dy, be the invariant measure on the affine plane y, = ();, Jp)» 
p = 0,2,3,.... Forp = 2, 3,...we normalize it in the following 
way: 


f dy, =1, |_| = max (Ila 2p) (4) 


ysl st 


It is easy to verify that the invariant integration on Y is expressed 
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by the following formula: 


[IO & = limf fOe In) Dede De (5) 


Thus, the invariant measure dy on Y is expressed by the following 
symbolic formula: 


dy = dyo dya > dypet (6) 


The invariant integration on Q is defined by the same formula, 
because Q is locally isomorphic to Y. 

We give in Y a fundamental domain relative to the subgroup 
Q* of positive rational numbers. We denote by E the subset of 
points 


I = (Ioa ++ Imee) 


for which |,| = 1 for every prime p = 2, 3, 5,.... Obviously, E 
is an open and closed subset of Y. Next we have 
Y = U 4E, 
iQ? 


and the sets AE are pairwise disjoint. Consequently, E is a funda- 
mental domain in Y relative to the subgroup Q¥. Thus, 
E= Q?i\Y. 


If we identify in E the points y and —y, we obviously obtain a 
space homcomorphic to Q. In what follows we shall frequently use 
this realization of the space Q. In particular it is convenient to 
regard the function on Q as functions f ( y) given on E and satisfying 
the condition f(—y) = f(y). 


8. The Operation of Multiplication in the Spaces 4?, Y, and E. 
We endow the space A? with the structure of a topological ring. 
We recall that A? is the set of all sequences 
I= (Joos Der++rIpve++)s 


where y, E R%, y, E€ Q%, p = 2, 3,..., and |y,| < 1 for all p except 
a finite number. 


Let £, E€ Q, be an element of norm 1 that is not a square in 
Qp» £ = 2, 3,.... We give isomorphisms of the additive groups: 


RPC, Q> QVE) 
in the following way: 
Jo = (IP, I2) HIL + V-12, (1) 
In = (IP IP) HY + Ven, (2) 
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Since C and Q,(‘e,) have the structure of a field, under the maps 
(1) and (2) this structure carries over to R? and Q5- 

We introduce the operation of multiplication in A? by defining 
the product of two elements in A? componentwise. Obviously, this 
operation is continuous in the topology of A. Thus, A? assumes the 
structure of a commutative topological ring. 

We note that the isomorphisms of additive groups R? > C and 
Q2 — Q,(Ve,) can be given by various methods. Therefore, a 
multiplication in A? can also be introduced in other ways. 

When A? is endowed with the structure of ring, the set of all 
invertible elements in A? coincides precisely with the subset Y. 
Thus, the space Y has the structure of a topological group. 

In § 4.7 we introduced the subset E < Y of elements 


I= (Joi Jm) 


where |a) = =+: = |p| => = 1. Obviously, E is a subgroup of 
Y in the sense of our operation of multiplication. 

We indicate a convenient way of giving the elements y e€ E. 
We denote by a, an element of E of the following form: 


a, = (I co» Das oe *3 Jm oe -)s 
where 


Jw = (r, 0), tT >0, 
Jo = (1, 9), p =2,3,.... 


Next let V < E be the subset of elements of the form 


v = (Vos Vas eee Upee o 
where 


aol = lal = + = oal = = 1 


Observe that V is a compact subgroup. 
It is easy to verify that every element y € Y can be represented 
in one and only one way as a product 


y = 4,” D, ver. 


The number r > 0 and the element ve V are called the polar 
coordinates of the point y € E. 

In polar coordinates the measure dy on the subset E © Y is 
expressed by the following formula 


dy = 7 dr dv, 


where dv is the invariant measure on V. 
The verification of this simple proposition is-left to the reader. 
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We mention that apart from the operation of multiplication an 
operation of involution y — } can be introduced in A*. For if 


2 = (Ia Je e.. Jpm». ), Jp = (7), IP), $p = œ, 2, 3, ...3 
we set 


J = (Foor Jo -Jm 
where 
(1) 


Jn = (I3 , yy . 

9. Decomposition of the Representations Generated by Y and Q 
into Irreducible Representations. In §4.5 we proved that the 
homogeneous spaces Y and Q have an invariant measure. Conse- 
quently, in the spaces L,(Y) and L,(@) the translation operators 
T(g) f(x) =f (xg) define a unitary representation. 

Our task is to decompose these representations into irreducible 
ones. 

First we consider the space L,(Y). We take the sct II of all 
characters 7 of the idele group A* (this set was described in § 1.9). 
We set 


wala) =| FOTA 121 d*A, (1 


where d*A is the invariant measure on the group A* of all idelest 
(see § 1.7) and f(y) € L(Y). 

It is not hard to see that the function g, satisfics the following 
condition of homogeneity: 


Pal Ay) = (A) ATE y, (9), 46 A*. (2) 


We can endow the set of functions satisfying (2) with the struc- 
ture of a Hilbert space, by the same method as that used for the 
group of matrices of order 2 over a field. With this aim, we choose 
in Y a subset T having the following property: every point y € Y is 
uniquely representable in the form 


J=, AEA*, teT. (3) 
In T we define a measure dt so that 
dy = \Aj? d* À dt. (4) 
In the set of functions on Y satisfying (2) we define a scalar product 
(Pes ve) = | peP at 6) 
T 


We denote the Hilbert space so obtained by H,. An immediate 


ft We recall that |A| = |Accla [Aele- ++ nla’ +> 
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verification shows that the scalar product (5) is invariant under the 
operators T,(g): 


T,(8) P(I) = 9, (98)- (6) 


Thus, 7,(g) is a unitary representation in H,. 
From results of § 3 it follows that this representation is irreducible. 
For let 
m = (Way Toye eey Tpos.) 


Then our representation is, in the sense of § 3, a tensor product of 
unitary representations T,,(g,) of the groups G,, p = œ, 2, 3,..., 
defined in the following way. The representation T,,(8,) is given 
in the space of functions ¢, (95), Jy = (Ir Iz)» Satisfying the 
condition of homogeneity: 


Pa Ano) = Tol Ay) Aniz PrI). 
The representation operator T,,(gp) of G, is given by the formula 


T,,,(8>) Pr (Io) = Pzy(In8o): 


We know (sec Chap. 2) that these representations of G, are 
irreducible. Consequently, the representation T,(g) of G,, as a 
tensor product of irreducible representations of the groups G,, is 
itself irreducible. t 

We call the representation T,(g) of G4 a representation of the 
principal series corresponding to the character 7. 

Note that by virtue of the condition of homogeneity (2) the 
representation space H, can be realized as the space of functions 
y,(t), t € T, satisfying the condition 


lel? = flp)? dt < œ. 


T 
The representation operator T,(g) is then given by the following 


formula: 
T,(g) p(t) = 7(A’) X171 p(t), 


where 4’ e A* and ¢’ e T are defined by the relation tg = 4. 
Here is the final result. 
The decomposition of the representation of G4 in L,(Y): 


TSO) =f(8) (7) 
into irreducible representations is realized by the following formulae: 
FO) = f 0:0) dn, (8) 

n 


+ More accurately, the representation T;,, is irreducible only if 7, # sign. How- 
ever, the set of those vE lI for which m, = sign, for at least one p has measure zero. 


§4. ADELE GROUP OF UNIMODULAR MATRICES OF ORDER 2 303 


where 
wala) = SATA [al da. 9) 
A* 
Furthermore, the Plancherel formula holds 
furore = figl ar, (10) 
Y a 


where dz is the measure on the set II of all characters of the idele 
group A*, normalized so that 


Í fuara d*àdr = u(1). 


Tl A* 


When the function f(y) is transformed according to (7), its com- 
ponent 9,(t) is transformed according to the formula 


T,(g) Palt) = 7(A’) 18'E g(t’), (11) 


where 4’ ¢ A* and #’ eT are defined by the relation tg = XY. 
Thus, the irreducible unitary representation of the principal series 
corresponding to the character ~ acts in the space of functions ¢,(t). 

Proof. The decomposition (8) follows immediately (by the 
formula for the inverse Fourier transform) from the definition (9) 
of the function g,(y). By the Planchercl formula for the Fourier 
transform it follows that 


fison iae ata = fips ( re de, 


When both sides of this equation are integrated with respect to t, 
we obtain immediately the Plancherel formula (10). It remains to 
show that the functions ,(f) are transformed according to (11). 
For this purpose we note that if f (y) is transformed according to the 
formula T(g)f(9) =f(yg), then p,(y) is transformed according to 
the same formula 


T(g) p2(9) = Pa I8). 
On the other hand, 9,() satisfies the following condition of 


homogeneity: 
r(Ay) = (A) AITE ge(9)- 


Therefore, when we go over from the functions ¢,(y) to their 
values g,(t) on T, then the formula for T(g) assumes the required 
form (11). The proof of the theorem is now complete. 

Next we consider the problem of decomposing the representa- 
tions in £,(Q) into irreducible representations. 
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First we note that functions on Q can be regarded as functions 
on Y that are invariant under the transformations 


JO >S), 4 Q*, 


where Q* denotes the set of all principal ideles. 

We denote by II* the set of all characters of the group A*/Q*. 
The following theorem holds. 

The decomposition of the representation of G4 in L,(Q) into irreducible 
representations is realized by the following formulae : 


FO) = | P) dr, (12) 
where " 
ala) =f FOA 1a] d*A, (13) 
A*/Q* 


The Plancherel formula holds: 


[ioeo = figl dr, (14) 
QY n* 

where da is the measure on the set 11* of all characters of A*/Q*, normalized 
so that 


u(A)m(A) da* dx = u(1). 
m* A*/Q* 


The proof is similar to that of the preceding theorem. 

Now let us find out with what multiplicity each representation 
of the fundamental series occurs in L,(Y) and L,(Q). In other 
words, we wish to determine which of the representations T,(g) 
occurring in the decomposition of L,(Y) and L,() are equivalent. 

Let T,(g) and T,-(g) be two irreducible representations of G4 
corresponding, respectively, to the characters 


m = (Was Tey +++) Tp...) and a! = (nhs Ty -ea Moy eee) 


(15) 


According to § 3, these representations are equivalent if and only 
if the corresponding representations of the groups G,, p = ©, 2, 
3,65, 
T,,,(8») and. T;,,(8») (16) 
are equivalent. 
But the representations (16) of G, are equivalent if and only if 
m, = mw, where e, = tl. 
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Thus, two representations T,(g) and T,.(g) of G4 are equiv- 
alent if and only if m, = 7%, e, = +1, p = œ, 2, 3,.... 

Hence, we conclude at once that every representation T,(g) occurs 
in L(Y) with infinite multiplicity. 

For the space L,(Q) the picture is different. This space, as we 
know already, decomposes into representations T,(g), where ~ 
ranges over the set of characters that are equal to 1 on the subgroup 
of principal ideles. 

We show that two such characters m and n’ give equivalent represen- 
tations if and only if n = n", e = +1. Hence, every representation 
T,(g) occurs in L,(Q) with multiplicity 2. 

Suppose then that two characters 7 and 7’ that are equal to 1 
on the group of principal ideles give equivalent representations. 

As we know, the character 7 has the following form: 


n(A) = 7a(Ag)Me(Ag) -e TplAp) ++, 
where 
Tolha) = lol SIgn Ao 


Tp Ay) = 1417 0s åp)» 6,(p) =l, p= 2,3,5,... 


Here s and s, are imaginary numbers, y = 0, 1. Also, only finitely 
many characters 6, are different from 1. Similarly, 


a(R) = alge) lAa) + Ey) oo 
where 
Tola) = [Aol% sign” Zo, 


maho) = EA (Ap) > 65(P) =l. 


The condition that equivalent representations correspond to 7 
and 7’ yields 
S= +s, vw =», 


| Poo € 
Sp = Epp 0; ~~ 07, 


where 
& = l, p=2,3,.... 
Without loss of the generality of the arguments we may assume 
that s’ = s. We show that then r’ = ~r. 
Since the character 7 is equal to 1 on the subgroup of principal 
ideles, 7(p) = 1 for every prime number f, that is, 


HOH) +++ O,(p) ++ * = I. (17) 


Observe that every character 0, is of finite order and that 
among them only finitely many are different from 1. Hence, there 
exists an integer n such that 6% = 1 for every p. But then it follows 
from (17) that 

pres) = 1, 
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hence, 
s-s, = "king, (18) 
where k is an integer. 
Similarly, we find 
S— Ep = om y In p (19) 
If s = —1, then we obtain from (18) and (19) 
s= Zy In p, (20) 
where k” is an integer. 
From (20) it follows that e, = —1 for at most one prime f. 
For if e, = —l and e, = —1, 4 # p, then ne =r, where r is a 


rational number; but this is impossible. 

Thus, either £, = | for all p, or e, = 1 for all p except p = fy. 
In the first case we have w’ = 7; in the second case we have 
m(A) = m(A)m,°(A,,). But then, since w(A) = 7’(A) = 1 on the 
subgroup of principal ideles, 7},(r) = 1 for every rational number 
r #(. Since the rational numbers form an everywhere dense set in 
the multiplicative group of p-adic numbers, it follows that 7} = 1. 
Therefore, in this case we also have (A) = 7’(A), and the proposi- 
tion is proved. 


10. The Operator B (Definition). We introduce the opcrator 
B:S(Q) — C(Q) 
in the space S(Q) of all continuous rapidly decreasing functions on 
Q, which maps S(Q) into the space C(Q) of continuous functions on 
Q. This operator B will play a fundamental role in all our 
subsequent investigations. 
We define B by the following formula: 


(By) a) = | v(oz8) dz, 8 € Cn (1) 
Za 
where y, = (0, 1). Obviously, the function (By)(g) is constant on 
the cosets Do Z4 \ Ga and hence, may be regarded as a function on 
Q. Thus, B carrics a function on Q again into a function on 2. 
We call B the operator of the horospherical automorphism on Q. 
Observe that B commutes with the operators of group 
translation on 2: 
Pl) > vv), gE Gy. 


- Later in § 4.11 we show that if y is a continuous fast decreasing 
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function on Q, then the integral (1) necessarily converges for every 
g e G4 and so By is well-defined. 

Next we obtain another equivalent expression for B. 

First, we write (By)(y), ye Y, instead of (By)(g). Since 
(By) (Ay) = (By) (y) for every å e Q*, we may always assume that 
y © E. (We recall that E c Y is the subset of points 


I = (Jæ -Jpm ) 


for which |y} =: =|y,1 = = l.) 
We write the expression for B in coordinate form 


(By) (y, y2) — froo + yD, yt + 9?) dt, (2) 
A 
where y’ = (9’y’) is an arbitrary element of Y connected with y 
by the relation yy"? — yy") = 1, The integral (2) does not 
depend on the choice of this element. Formula (2) can also be put 
in the following form, which is convenient for our purposes: 


(Bu) = | rola, 2) 


(u27 =1, 
zEeY 


where (y, z) =z? — yz, and w,(z) is defined by the relation 


dz!® a dz’? — dy, z) A w,(z). (3) 
From this relation it follows that 
dz dz? 
w,(Z = | yD] = BE À. (4) 


An expression for By in which z ranges only over the points of 
E is specifically established in the following formula for B: 


(By) (9) = 


Me 


f y(z)w,(z), where y € E. (5) 


n=1 


I 


U D=n, 
ze 


For the proof we observe that Y is the union of the pairwise 
disjoint subsets 4-1£, where A ranges over the positive rational 
numbers. Consequently, the integral (2’) can be written as a sum of 
integrals over 41E. We find: 


Bu) = f vez) 


=> | aolas f vez. ©) 


<y ama, <u, 2=A, 
2 ze 
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We have used the fact p(A-!z) = p(z) and ,(A-1z) = o,(z) 
for every Ae Q*. 

It remains to observe that the summation in (6) is taken only 
over the (positive) integers A. For since y,z¢E we have 
yp! = |Z,| = 1 for every prime p, hence Ky, z),| <1 for every 
prime p. Consequently, A is an integer. 

Finally we write the expression for B in polar coordinates on £. 
We recall that every element y € E is uniquely representable in the 
form 

J = 4,°2, 
where a,, v € E are elements of the following form: 
a, = (F 0» Ie tee Io» wee), Ico = (7,0), 7 = |Jl, 
» = (1, 0), p =2,3,.-.3 
V = (Uos Vay e ees Uys )s [Vol = lo =t = o Ent =1. 


The sign © denotes the multiplication rule introduced in § 4.8. 
By (5) we have 


(By) (a, ¢) 
=F | Dom’ f vee Yognleoe). 
karona =n 5 aov, z001) n 


Here v — õ is the involution introduced in § 4.8. 
From the definition of (y, z) and the measure w,(z) it follows 
immediately that 


(a ° v, zo 1) = (ap Z) = (rz, z8, . a, ZP, 


dz) 


T 





Onal Z ° 91) = W,(Z) = 


Thus, the formula for B assumes the following form 


(Bye) =i f w(zso) da 


-1$ fy (2, n(a (a)- -1. ; v) dz), (7) 


ai= 


where 
y(z, 2; v) = p(z; v) = p(z e 7). 


11. Properties of the Operator B. THeorrem 4. Lety(y)bea 
continuous function on Q, fast decreasing as | y| + œ and | y| —O.t Then 


Ial = 1 rool | vel laltre Observe that if yE E, then | »| = | Yol- 
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the operator B is defined for y, and (By)(y) is a continuous bounded function 
on Q. 

Proof. We estimate the expression for B under the integral 
sign in formula (7) of § 4.10. From the fact that (z) decreases 
fast it follows that for every N > O we have the estimate 


p(z; 2) = v(2, 295 0) = O((L + PN + z), (1) 


uniformly in v. 
Consequently, the integral in (7) converges absolutely and 


uniformly, and 
f ly(z; v)| dz™ -o((Ż + 1) ‘). (2) 


(ay, z) =n 
From the estimate (2) it follows that the series (7) converges 
absolutely and uniformly in y, when y ranges over any compact 
domain. 
So we have shown that B is defined for y and that (By) (y) isa 
continuous function on Q. 
Now we show that (By) (y) is bounded. First of all, from (2) it 


follows that 
(By)(9) = O(I) aspi —0 


for every N >O. In particular, this means that the function 
(By) (y) is bounded as | y| — O. 
The fact that (By) (y) is bounded as |9| — o follows from the 


same estimate (2) and the fact that the sum SAE + iy" is 
bounded as 7 > œ, if N > 1. Taar 

Lemma 1. For arbitrary rapidly decreasing functions p, and p, on Q 
the equation 


(By, Poja = (Yr Byrja (3) 
holds, where 


(vo va = [nOn & = Af nOD &. 


a 
Proof. By the definition of the operator B we have 


Bv wa =r] È | nanoa) A 


“Ly, 2r =Ry 


Observe that in (4) we may interchange the summation over n and 
the integration over E. This results from the following estimate: 


f Ipp! olz) = O(a +), (5) 


KD =n 
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which is valid for every N > 0.t So we have 


a 


(By va = | | DnA & 
lE Dan 
Similarly: 


(Po Byla =F | | WORO) de. 


n=1 
E Y,2.=n 


Thus, to prove the lemma it is sufficient to verify that 
nanoa o= | f ano) dz 6) 


E Y,z=n E =n 


for every n. But the equation (6) is obvious, because each of the 
integrals in (6) is equal to 
p(z) yo, z), 


yz =n, 
Y.zEE 
where œ(y, z) is defined by the relation 
dy a dy adz® a dz™ = d(y, z) A w(y, z). 


Now we state the main theorem on the operator B. 

THEOREM 5. There exists a set y, of rapidly decreasing functions on Q 
that have the following properties : 

1. yp, ts everywhere dense in L,(Q). 

2. By € L,({Q) for every function y e ¥. 

3. The operator B can be extended from the subset ¥, to a unitary 
operator B in the space La(Q). Here the operator B satisfies the relation: 


B: =E (7) 
(E is the umit operator). 
A proof of this theorem will be given in the next two subsections. 
Here we indicate only one important consequence of Theorem 5. 
COROLLARY. Ts a fast decreasing function ġ on Q satisfies the 
condition By € L,(Q), then 
By = By. 


It suffices to check that 


(Bg, Pa = (Bg, Yea (8) 
for every function y € ¥, (the parentheses denote the scalar product 


+ The estimate (5) is obtained in the following way. From (2) we see that 
N-i 
: J Iy] oz) = of! or ). On the other hand, y(v) = O((1 + [»|)?-**?) from 
vaan) 


which (5) results immediately. 
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in L,(Q)). But by Lemma 1 we have 


(Bo, v)a = (p, By)a = (p, By)a. 
Furthermore, since B is a unitary operator and satisfies (7), 
we have 
(p, By)a = (Be, va 
and so (8) is proved. 


12. Schwartz-Bruhat Functions in Q. Here we give an 
effective construction of a family ¥, of functions on Q that satisfy 
the requirements of Theorem 5. 

As a preliminary we recall that Schwartz-Bruhat functions on 
the adele plane A? are finite linear combinations of functions of the 
form 


PI) = Pol Ia) PalI2) °° * PI) (1) 


where pol») is an infinitely differentiable rapidly decreasing 
function on the real plane R?, ¢,(Y,) a finite piecewise constant 
function on the p-adic plane Q?, and all the functions ¢,(_y,) except 
a finite number have the following form: 


(,) 1, when |» <1, 
Pra) = 0, when |y > I. 
A Schwartz-Bruhat function is finite if and only if it is finite 
relative to Y% 
We also recall that the underlying affine space Y is naturally 
embedded in A®. It consists of all the elements 


I = (Joam) 


for which y,, Æ 0, 7» #0, p = 2, 3, ..., and |y,| = 1 for all p 
except a finite number. 
Lemma 2. Let (y) be a Schwartz-Bruhat function on A?, Then: 
1. The series 


vO) = 2 od), eY (2) 


converges absolutely and uniformly in every compact domain of Y. Thus, 
p(y) is a continuous function of y. 
2. For every N > O the following estimate holds: 


v(9) =O) as [a] > œ; (3) 

if (9) is a finite function, then p(y) is concentrated in the domain | y| < C. 
Proof. We may assume that y €e E, where E is the domain 
defined in § 4.7. If (åy) 40, y € E, then by the definition of a 
Schwartz-Bruhat function, |Ay,] = 1 for all p beginning with a 
certain fo, and |Ay,| < C, for p < fo, where c, are certain constants. 
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Since it follows from y e E that |_y,| = 1 for all p, we have: |A|, = 1 
for p > po, |Alp <C, for p < fo Hence, it follows that the summa- 
tion in (2), in fact, is taken only over the numbers of the form 


A= 2 , where n = +1, +2,..., and the denominator np is fixed: 
0 


vO) = Z o(2)). (2 


From the fact that is a rapidly decreasing function of y,,, we have 
for ye E: 


| 19) | < Cy In\z 1i". 


From this estimate it follows that the series (2’) converges absolutely 
and uniformly on every compact set and that the estimate (3) holds 
for p(y). Finally, if p(y) is a finite function, then there exists a C 
such that ¢( y) = 0 when | y| > C. Therefore, if | y| = |y.| > mC, 
all the terms in (2’) are zero. Hence, p(y) = 0. 

The function p(y) defined by (2) obviously satisfies the condi- 
tion y(Ay) = p(y) for every å é Q*. Therefore, it may be regarded 
as a function on Q = Q*\ Y 

The functions (y), y € Y, that are representable in the form 
(2), where (y) is a Schwartz-Bruhat function on A’, are called 
Schwartz-Bruhat functions on Q. 

Lemma 3. For a Schwartz-Bruhat function p(y) on Q, 


vo) = 5 0%) 


the following estimate holds as | y| — 0: 


vO) = -90) +t foo) d+ Or), A 
A 
where N is any positive integer. 

Proof. We represent the elements ye Y in the form y = tv, 
where ¢ e A* and v belongs to the compact set V < Y defined by the 
condition 

lva! = wel =* + =|] =o = d. 


For every fixed v the function g(t, v) = (to) is a Schwartz-Bruhat 
function of ¢ € A, therefore the Poisson formula is applicable to it. 
We denote by ¢(t, v) the Fourier transform of y(t, v) with respect 
to £. Observing that 


(0, 2) = f ot) di, 


A 
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we find by the Poisson formula: 


(te) = —9(0) + 1- f oleo) dt + Me-t GA 2). 
a EQ 
ğ(t, v) is a rapidly decreasing function of ¢, uniformly in v. There- 
fore, by the same arguments as in the proof of Lemma 2 we obtain 
the following estimate: 
i È E(t, o) = O(I) as |e] + 0. 


AeQ* 
Thus, 


(te) = —9(0) + M- | ole) dt + OC, 


uniformly in v. Since for every y = tv e E we have |p| = ltl, this 
equation is equivalent to (4). 

DEFINITION. Let ® be the subset of Schwartz-Bruhat functions on 
A? that satisfy the following additional conditions : 


1. | (ty) dt = 0 for every y e Y; 


2. (0) =05 
3. [ooo =0. 


v 


¥ 
We introduce the set ¥ of functions of the form 
p(y) = 2.04) where ọ E€ ®. (5) 


By ¥, we denote the subset of functions of the form (5), where 
y € © satisfies the additional condition of finiteness. 

In this and the following subsection we prove that the family 
of functions ¥, satisfies all the requirements of Theorem 5. 

First of all, we observe that the functions y € ¥ are continuous 
and decrease rapidly on Q (that is, for every N > 0 we have 


p(y) = O(I) as [a] > © 


yy) = O( 1%) as ly) — 0). 


This follows immediately from the estimates obtained in 
Lemmas 2 and 3 and from condition 1 and 2 on (7). 

Lemma 4. The set '¥, is everywhere dense in L,(Q). 

Proof. Suppose the contrary. Then there exists a function 
Jel), f 4 0, such that 


[ FOND) & =0 Q 


and 
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for every function y e¥,. We now reduce (6) to the analogous 
condition for functions of a single real variable. 

First we endow A? with the structure of a ring. For this 
purpose we realize A? as the set of elements of the form 


J= (Por I» see Jp» -) 
where 
Jo eC, J€ Q,(V £r), p= 2,3,..-, 
and |y,| <1 for all p except a finite number (see § 4.8). Then 
every element y € A? can be written as a product 


J = 4,°U; 
where 
a, =(7,1,...,1,...), T = [Dols u = (ToJo Jome) 
In particular, the elements y € E have the form 
J = 4,°0, 
where 
U = (Ug, Un ey Uppers) lool = lel =t =|o,) =o = 1. 


(7) 
We note that the elements v of the form (7) form a compact group 
(under multiplication), which we denote by V. 


Since by assumption f(y) Æ 0, there exists a character 7(v) 
on V such that 


F(x) = f flae jmo) do 0 (8) 


The integration is taken with respect to the invariant measure dv 


on F. 
We mention two properties of a(v). 
1. (v) can be expressed by the following formula: 


m(v) = Tao (V x) i Tp(Yp)s (9) 
DED 
where 7 „(0 ») mand (v,) are, respectively, characters on the subgroups 
of elements v, E€ C, Wal = 1, and 7,€Q,(V«,). The product is 
taken over all primes p not exceeding a certain fp. 
2. a(—1) =1. (10) 


The first property follows immediately from the continuity of a(v). 
The second from the fact that f € L,(Q) satisfies on E the condition 
F(=) = fU); hence, f(a, ° 0) = f(a, ° (—2)). 

With the character m we associate the family ®© = ® of 
finite Schwartz-Bruhat functions on A®. For this purpose we take 
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on the half-line 0 <7 < œ the family ®,, of functions 9,(7) 
satisfying the following conditions: 


1. a(r) is a finite, infinitely differentiable function and is zero 
in the neighborhood of 0. 


2. fot) dr = 0; 
0 


3. fost) dr = 0. 
0 


Let ®) be the set of functions on A? defined in the following way: 


p(y) = pla: ° u) = PolT) Tota) LE (Uy), Po E Da, 
& Po 

when jual =+- = |u| = l and |u,| <1 for p > fo; y(a,eu) =0 
for all remaining u. 

From the definition it follows immediately that the functions 
ọ € ) are finite Schwartz-Bruhat functions on A? and that they 
belong to the family ®. 

For the functions pọ € ®) we construct 9(9) € ¥,: 


(9) = 27042)» JEE (11) 


We now find an explicit expression for y( y) in terms of ¢,,(7). 
We show that p(y) can be expressed by the following formula: 


va, °0) = Ya(7)™(0), (12) 
where 
volt) =2 È 0n Polt7), Pe EPa; (13) 


O(n) is a numerical character, that is, a function satisfying the 
following conditions: 

1. 6(1) = 14. 

2. 0(nyn2) = 0(n,)0(n,) for any natural numbers n, and ny. 

3. There exists an integer q such that 0(n + q) = @(n). 

This numerical character 6(n) is completely determined by 
a(v). 

As a preliminary we observe that the summation in (11) is 
taken only over integers n that are coprime to the numbers 
2,3, .- +5 Do 

For if (4y) # 0, then by definition of p(y) we have |Ay,| = 1 
for p < po and |Ay,| < 1 for p > poe Since y € E, we have |y, = 1 
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for all p; consequently, |A|, = 1 for p < fo |Al, <1 for p > fo. 
But this means that A is an integer coprime to 2, 3, . . . po 
So we have: 


p(s) = 2 ly), 


where the summation is taken only over the integers n that are 
coprime to 2, 3,..., fo- 
Next we represent the elements y € E in the form y = a,° v. 
Then we have 
ny = än ° 0™, 


where 
u = ((sign N)V os Ng, -e y NUp eee) 
Consequently, 
P(n) = Pallnlr) O(n) a(o), 
where 


O(n) = m (sign n)mal(n) - ++ mp (n). 


Note that 0(—1) = 1, because 7(—1) = 1. 

We extend 6(n) to the set of all integers n 40, by setting 
O(n) = 0 when n is divisible by at least one of the numbers 2, 
3, 2-55 Po 

From the definition of @(n) and the periodicity of the characters 
a,(v,) it follows that @(n) is a numerical character. As a result we 
obtain the required expression for p(y): 


p(a,°v) = po(r)7(r), 
where 


wD 


y(t) =2> O(n)e.(n7), Galt) EPa 


n=1 


Now we substitute a function y e ¥, of the form (12) in (6). We 
obtain: 





f Foes dr = 0, (14) 
where 


F(x) = ffen do £0. (15) 


So we have reduced the original condition (6) on the function 
f €L,(Q) to the condition (14) for a function of the real variable 7. 
Here we have made use of the following lemma, which will be proved 
in § 4 Appendix 1.1. 

Lemma. Let ®,, be the family of functions defined on the half-line 
0 <7 < wand satisfying conditions 1-3 (see p. 315). If the function F(r) 
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is such that 
Í |F(7)P rdr < +o, 


0 


and F (r) satisfies (14) for every finite function Y(T) of the form (13), then 
F(t) = 0. 

Since the function F (7) defined by (15) satisfies the conditions 
of the lemma, F(r) = 0. But this contradicts the assumption that 
F(r) Æ 0, and Lemma 4 is proved. 


13. The Fourier Transform in 2,(Q). In the preceding 
subsection we introduced the family ¥, of rapidly decreasing func- 
tions on Q showing that it has the first of the properties stated in 
Theorem 5: Y, is everywhere dense in L,(Q). Now we prove that 
W, has the other two properties, namely: By € L,(Q) for every 
y €¥,; and, the operator B extends from the subset ¥, to a unitary 
operator B defined on L,(Q) and satisfies the relation B: -- E. 

With this aim we now introduce an operator 


F:¥ — Y. 


It will be shown that F extends to a unitary operator, defined on the 
whole of L,(Q) and satisfying the relation F? = E (Theorem 6). 
We call the unitary operator F the Fourier transform in L,(Q9). 

Furthermore, it will be shown that By = Fy for every function 
yeY, (Theorem 7). The required property of the family ‘F, 
follows immediately from this. 

First, we define the Fourier transform in the space of functions 
on A? by the following formula 


pI, y”) =| o(2, Z) vq( zy” — zi?) y(a)) dz™ dz) (1) 


Here y(t) is the additive character on A described in § 1.5. 
In § 2.5 the Fourier transform was defined by another formula: 


Gy, y”) = f (2 z?) gol z yY + z” y2) dz dz, 


Clearly, the basic properties of the Fourier transform indicated there 
remain valid with the new definition. 

The advantage of the new definition of the Fourier transform is 
that this transform commutes with the operators of group translation; 
that is, ~ 

G(9g) = P8), EGA (2) 


whereas the usual definition of the Fourier transform leads to the 
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. . i cet . 
more complicated relation ¢(»g) = (yg), where g’ is the 
transpose of the matrix g. Furthermore, with the new definition of a 
Fourier transform we have 


Ë) = pl), (3) 


that is, the square of the operator of Fourier transformation is the 
unit operator; whereas for the usual Fourier transform 


I) = 9-9). 


Lemma 5. The Fourier transform carries the subset © of Schwartz- 
Bruhat functions defined in § 4,12 into itself. 

For we know that the Fourier transform of a Schwartz-Bruhat 
function is again a Schwartz-Bruhat function. Next, we show that 
if {p(ty) dt = 0, then f¢(ty) dt =0. It is sufficient to prove the 
proposition for an arbitrary fixed y, for example, y = (0,1). For 
y = (0, 1) we have: 


fio) a = fao, n) de = (0,0), 


where 
HI, 9) =] B, Dao) de 


We express ¢ in terms of the function o(»™, vy’), Since 
p p PLI aI 


[6 DxD) d = f ëls, Dro — pP) ds dt = 99, 9), 


we have by the inversion formula for the Fourier transform 


pl, 5) = f 09,9) zl — sy!) dy), 
Hence, 


$(0, 0) = f p(0, 9) dX = 0. 


So we have shown that 
fao) dt = 0. 


Finally, we note that condition 3 on a function g € ® may be 
written in the form ¢(0, 0) = 0. Thus, in the transition from g to 
its Fourier transform ¢ conditions 2 and 3 are simply interchanged. 

Now we define the Fourier transform in the space L,(Q). 

First we define it on the subset of functions py e ¥, that is, 
functions of the form 
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We define the Fourier transform of a function p(y) of the form 
(4) by the formula: 


PO) = (Fy) = ZID), zer, (5) 


where ¢(y) is the Fourier transform of ọ e ®. By what we said 
previously on the Fourier transform of functions g € ®, the function 
F (yp) (3) also belongs to Y. 

THEOREM 6. For any two functions ¥,( y), V2(_) © ¥ the equation 


(Fyr, Fyaa = (Yo Pe) (6) 


holds, where ( ,  )Q is the scalar product in L,(Q). Thus, since ¥ is 
everywhere dense in L,(Q), the operator F extends in a unique way from ¥ 
to a unitary operator in L,(Q). 
We reduce the proof of Theorem 6 to two propositions. 
Proposition 1. Let 


wy) = ‘> pildy), pE, (7) 


and let po(_9) be any bounded function on Q. Then 
[ nov) & => f anO D, (8) 


AaeQ* 
E E 





where the series on the right converges absolutely, 
Proof. As we remarked in the proof of Lemma 2, the summa- 
tion in (7) is taken, in fact, over the numbers of the form 2 =< 
0 
where n, is fixed and n = +1, +2,.... We split the integral (8) 
into a sum of two integrals: 


[roro dy) dy = Jl, al ») va) b 
. + J EEko)» 


whet 


We have to check that in each of these integrals summation and 
integration can be interchanged, and that the series so obtained 
converge absolutely. 

For the first integral this follows immediately from the estimate 


Ae DO = O(A Y) 


for N > 2; for the second integral it follows from the same estimate 
forl < N < 2. Here we have to bear in mind the expression for the 
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393 


measure dy in “polar coordinates.” For if we represent the elements 
y€ E in the form of a product y = a, ° v, where 


a, = (Jo Jo -e es Jpm ee hPa = (1, 0),7 = |J), 
Jp = (1, 0), $ = 2, 3,... 5 U = (Vay Dane ee Upp eee) 


lal = val =--* = |o,| = +--+ = 1, then the measure dy is expressed 
by the following formula: dy = 7 dr dv, 


Proposition 2. If (y) = a, gı 49), 


P(Y) = 5 ay) 
where Yı, Pa E ®, then 


focal & = S [ela etn) &, (9) 
E Deea g 
and the series on the right converges absolutely. 

Proof. By Proposition | we have 


[ORD o = 5 SaD o, (10) 
È 4eQ E 
and the series on the right converges absolutely. 

Again applying Proposition | we find: 


fawno = 3 folornte)e, a 
E E 


and the integral on the right converges absolutely. Proposition 2 
now follows from equations (10) and (11). 

Proof of Theorem 6. We make use of the equation (9) from 
which it follows that 


fomo o =2 > faoa o a9 
E Y 
For 


id fa Ay) pal uy) dy = 2 Jo I) Pal HATI) dy 


= 3, [howo y, J pv) ele) d-t 


A, uEQ* 
à. 


Similarly we have 


[ORO & =2 F, JANA) b. (13) 


E 





+ We use the fact that when å ranges over Q*, the set AE covers Y twice. 
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But since y(uy) = (u71), by the Plancherel formula on Y we have: 


J estoy eaten} oy = PORED D 
Y Y 


Consequently, the right-hand sides of (12) and (13) are the same, 
and so equation (6) is proved. 

From Theorem 6 it follows, in particular, that the Fourier 
transform of a function y € ¥ is uniquely determined by (5), that is, 
it does not depend on the method of representing y(_y) in the form (4). 

COROLLARY. The operator F on L,(Q) satisfies the relation 


F? = EB, (14) 
where E is the unit operator. 

For if y e ¥, then the equation F?y = y immediately follows 
from the definition of Fon ¥. Since ¥ is everywhere dense in L,(Q), 
(14) is valid on the whole of Z,(Q). 

THEOREM 7. Fy = By for every Schwartz-Bruhat function y e ¥.. 

Proof. Since the group Gy, acts transitively in Q and the 
operators F and B commute with the operators of group translation, 
it is enough to prove the equation (Fy)(») = (By)(y) for an 
arbitrary individual point y, for example, for yy = (0, 1) 

By definition, 


rO) = & (4), (15) 
(Fv) (9) = È IW), (16) 


where 9(y) is a finite Schwartz-Bruhat function on A?, y € ®, and 
ğ(y) its Fourier transform. Consequently, 


(Fy) (0, 1) = 2 20, A). 


Since ¢(0, £) is a Schwartz-Bruhat function on A, we may apply the 
Poisson formula to this expression. As a result we obtain 


(Fy) (0, 1) = 204 0) + (0, 0) — (0, 0), (17) 


where ¢ denotes the Fourier transform of ¢ with respect to the 
second argument: 


AL, 9) =| EP, Dral) at 


But this function ¢( », y?) is expressed in the following way in 
PY P S y 
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terms of the original function o( 9, y) : 
p, 5) = f p, I)a sy) dy”, 

Thus, equation (17) assumes the following form: 

(Fy)(0, 1) =F, (oA d + fo i dt ~ 910.0). (18) 

4 
Since  € ®, we have 
ğ(0, 0) = 0, fo, t) dt = 0. 
A 

After the change of variable t — At we may rewrite (18) in the 
following form: 


(Fy)(0,1) = 5 fe (A, at) dt. (19) 


4€Q* 


Observe that here the summation is taken, in fact, only over a 
finite set of values 4 so that in (19) summation and integration may 
be interchanged. Indeed, from the definition of a Schwartz-Bruhat 
function it follows that if (A, at) 40, then |A|,< 1 for p> po, 
|Al, < c, for p< po Here the prime number fy and the constants 
c, depend only on the function gy. Hence, it follows that A only 


assumes the values A = = , where n, is fixed and n = +1, +2,. 

0 
On the other hand, since ¢ is a finite function, it follows from 
p(A, At) £0 that jal, =j— 


~~ | tg loo 


only finitely many values. So we find: 


(Fy)(0, 1) = f (902 1) dt = fyl, ® dt = (By)(0, 1). 


is bounded; hence, 2 may assume 


This completes the proof of Theorem 7. 

Now we turn to the proof of Theorem 5. From Theorem 7 and 
the properties of the operator F established previously it follows 
immediately that: 

1. By e L,(Q) for every function y e ¥,; 

2. B extends from ¥, to the unitary operator B = F in L,(Q). 
Here B satisfies the following relation 


B? = E 
where £ is the identity operator. 


So we have shown that the family ¥, has all the properties 
stated in Theorem 5, which is now proved. 
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14. The Operator M. Now we proceed to the main task of this 
section: the investigation of the spectrum of the representation of 
G, in the space L,(X), X = Gg\Gy4. For this purpose we make 
use of the horospherical map of L,(X): 


pU) = | Fleoze) dz (1) 


Ze\Za 


which associates with every function f(x) e Z,(.X) a function p(y) on 
Q that is summable on every compact subset of Q. In § 4.5 we 
proved that the kernel H? of the horospherical map is a closed 
invariant subspace. 

Let H’ be the image of Z,(X) under the horospherical map. 
We endow H’ with the structure of a Hilbert space by setting 


H' = L,(X)/A°. 
Since L,(X) is isomorphic to the direct sum 
L,(X)2 HoH’, 


the description of the spectrum of the representation of G, in 
L,(X) reduces to the same task in H° and H’. 

The spectrum of the representation in H° has already been 
investigated in § 4.6. We have shown that it is discrete and of 
finite multiplicity. In this and the following subsections we inves- 
tigate the spectrum of the representation in H’. The main role in 
this investigation is played by an operator M, which we are about 
to define. 

Let y(.y) be an arbitrary finite continuous function on Q. This 
function gives rise to a functional in the space H”: 


(v9) = [oD PO) eH" (2) 


Q 


Since the functions ¢(y) € H’ are summable on every compact 
subset, the integral (2) converges. 

At the end of this subsection we show that (p, p) is a linear 
continuous functional relative to g in the space H'. Hence, it follows by 
the Riesz theorem that 


[oO & = lv, My), (3) 


a 


where My e H’ and the brackets denote the scalar product in H’. 
So we have defined an operator M mapping finite continuous 
functions on Q into functions in H’. 
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We mention the following properties of M: 
1. M commutes with the representation operators T (g), that is, 


M[y(yg)] = (My) (92), gg © G4 (4) 


for every finite continuous function p(y). 
This follows immediately from the definition of M. 


2. (My, y) =0 


for every finite continuous function p(y); the parentheses denote the 
scalar product in L,(Q). 
This follows immediately from the equation 


(My, y) = [My, My]. 


3. The functions My, when w ranges over the finite continuous 
functions on Q, form an everywhere dense subset of H'. 

If we assume the contrary, then there exists a function f € H’, 
f #9, such that [f, My] = 0 for every finite continuous function y. 
Hence, by definition of M it follows that 


{FOG} & =0 
Q 


for every finite continuous function y(_y). But then f(y) = 0, which 
contradicts the assumption. 

Now we prove that (p, p) defined by (2) is, in fact, a continuous 
linear functional on H’. Obviously this assertion follows immedi- 
ately from the following lemma. 

Lemma 6. The following estimate holds for a function p(y) € H': 


: Í IPI dy < Cx Ipla (5) 
K 


where K is an arbitrary compact set in Q, Cg a constant depending on K 
only, and |\p'\xz- the norm of p € H’. 

Proof. We take the collection {F} of compact cylindrical sets 
in X and denote by F, the image of the cylindrical set F under the 
natural map F > Q.t By Theorem 1 the sets Fy form a covering of 
Q, therefore every. compact set K < Q can be covered by a finite 
number of sets Fy. Hence, it suffices to prove the lemma. only for 
the case K = Fy. 

But for every inverse image p*(x) of the function (y) under 
the horospherical map (1) we have 


Í lp < Í lp*(x)| dx < Cp We" lro: (6) 
Fo F 


+ For the definition of cylindrical sets see p. 291. 
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Since g*(x) is an arbitrary inverse image, we can take the lower 
bound on the right side of (6) and so replace | g* lrx) by |p. 
Thus, 


fie dy < Cp ply. 
Fo 


This completes the proof of the lemma. 


15. An Explicit Expression for M. THEOREM 8. The following 
formula holds for the operator M: 


(My)(9) = va) + | (9028) dz, (1) 


Zz 


where yo = (0,1), and geG, is an arbitrary element of the coset 
y = DgZyg. In other words, 


M=E+B, (2) 


where E is the identity operator and B the operator defined in § 4.10. 
To prove (1) we transform the left side of the equation 


{ pO) dy = [p, My] (3) 


R 


into an integral over X. We do this in two steps. First we pass from 
Q = DoZa\Ga to DgZg\G4, and then from DgZg\G,4 to 
X = Go \ Ca 

In all the subsequent computations we may assume that. the 
function g(y) is the image of a continuous function f(x) € L,(X) under 
the horospherical map and consequently is itself a continuous 
function. We note that since the continuous functions f(x) € L2(X) 
form an everywhere dense set in L,(X), their images under the 
horospherical map form an everywhere dense set in H’. 

Thus, first we transform the integral 


[onvO) o (a 


—Z 


into an integral over DgZg \ Ga 

Let ¢(g) be a function defined on G, and assuming the constant 
value g() on each coset y = DgZj,g. Similarly, we define the 
function p(g). Then we may write: 


ere) dy = f ple) yle) dy- (5) 


R DoZa\Ga 
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Since » € H’ is the image of a continuous function f(x) € L,(X) 
under the horospherical map, 


ole) = | Sia) a2. 
Zo\Za 


Here f(g) is a continuous function defined on G4 and assuming the 
constant value f(x) on each coset x = Ig. 
Since y(g) is constant on the cosets of DgZ4, we have: 


| sog- | f reio 


DeZe\Ga DeZa\Ga ZQ\Za 
= | Aio © 
DeZa\Ga 
So we find the following equation on the basis of (5) and (6): 
foi o = | AE ae, (7) 
Q DeZe\Ga 


where f(g) is a continuous function, the inverse image of ọ( y) under 
the horospherical map. 

Now we transform the integral on the right side of (7) into an 
integral over X = r \ G4. We recall that the function f(g) is 
constant on the cosets of T \ Gy. 

Let F be a fundamental domain in G, relative to T. Then the 
scts yF, where y € I’, cover G4 without repetitions. We project all 
these sets onto DgZg\G4. The images of y,F and y,F either 
coincide (if yz'y, € DgZg), or are disjoint. We call two elements 
y, and y, equivalent if the images of y,F and yF coincide. Then we 
can write: 


JOVO de = F SONO de 


DgZeq\Ga 
= | AOV d, (8) 
F 


where the summation is taken over the pairwise inequivalent y. 

Since y(g) is finite on DgZg \ G4, its support intersects only 
finitely many pairwise inequivalent sets yF. Consequently, the 
summation in (8) is, in fact, over finitely many elements y. Hence, 
summation and integration in (8) may be interchanged. As a result, 
on the basis of (7) and (8), we find the following equation: 


[OD b = [ Fo( ve) ae: (9) 


F 
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Observe that >’ y(yg) does not depend on the choice of the 


7 
element y among equivalent ones (because y(g) is constant on the 
cosets of DgZg \ Ga) and does not change when g is replaced by. 
Yog, Yo E l. Consequently, the function >’ y(yg) is constant on the 


cosets of T \ G4, and so can be regarded as a function on X¥ =T \ Gy, 
as is f(g). So we have: 


for) & = [SOA a (10) 
where ° * 


y(x) = 2! p(yg)- (11) 


We show that y,(x) is orthogonal to H°. For let f(x) be an 
arbitrary continuous function in H® and 9(y) its image under the 
horospherical map. Then, by definition of H°, we have ¢(y) = 0, 
hence by (10) 


[IOn k = 0, 


that is, y,(x) is orthogonal to every continuous function f e H°. 
Since the continuous functions f € H° form an everywhere dense set 
in H®, y,(x) is orthogonal to H°. 

From the fact that 9, is orthogonal to H” it follows that 


fs (x)yi(x) dx = [p, i), (12) 


where #, is the image of y,(x) under the horospherical map. 
Comparing (10) and (12) with the original equation (3) we 
find that 
[p, My] = Lp, Pa] 
for the everywhere dense set of functions g € H’. Consequently, 
My = hi. 


So we have established that the application of the operator M 
to p(y) reduces to the following operations. First we construct from 
(y) a function on X = r \ G3: 


y(x) = 2 plyg). 


Then we apply the horospherical map to the function y,(x). Thus, 
the operator M is given by the following formula: 


Myo) = | (X p) dz (13) 


yeDoZg\C 
Zaz °° 
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In $’ precisely one representative is taken from every coset of 
DoZo\V; g is an arbitrary clement of the coset of DgZ,\ Gy 
corresponding to y. 

We transform formula (13). For this purpose we single out in 
the sum >’ the term corresponding to the unit coset p(zg) = (g). 
It is easy to verify that each of the remaining cosets of DgZgy 
contains one and only one representativet of the form sz’, where 


0 1 
s= i ip 2 e Zo So we find: 


My) = v0) + f (Z vlvve'ze)) de 


Zai\Za 


where y € Q is the element corresponding to the coset DgZ4s, that 
is, Jo = (0, 1). 

We recall that the summation is, in fact, over a finite set of 
elements. Therefore, it is clear that the summation over Zg and 
the integration over Zo \ Z4 reduces to integration over the whole 
of Z,. So we have finally: 


(My)(9) = vU) + | Pze) dz 


Za 
as required. 


16. The Family -4 of Functions on Q. The object of this 
subsection is to prove the following theorem. 

THEOREM 9. There exists a family M of finite continuous functions 
defined on Q and having the following properties : 

1. M is everywhere dense in L,(Q). 

2. My e LQ) for every pe M. 

3. Let H' be the image of L,(Q) under the horospherical map, and 
H” c H' be the subspace of H' orthogonal to the space C of constants. 
Then the functions My, p € belong to H', and form in H" an everywhere 
dense set. 

We proceed to construct such a family Æ. As a preliminary 
we recall that the space E c Y introduced in § 4.6 is a topological 
product 

E=V, X Va xex Vx, 


where V, is the real affine plane with the point zero removed, and 
V, the domain consisting of the points y, € Q} of norm 1. 
a bh. . 
} This follows from the fact that every rational matrix y = in which 
c d 


b + 0 can be represented in one and only one way in the form y = Z, dsz,, where 
ÔE De, Zis ZE Zo. 
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We introduce the set Æ, of functions (y) defined on E and of 
the form 


p(y) = Paol Io) P2( Je) ues Polo) Trta (1) 


where the factors satisfy the following conditions: 

l. Qolo) is an infinitely differentiable finite function on V, 
that is, pola) = 0 for sufficiently small and for sufficiently large 
values of | Yal, such that 


foala) ba = 0; (2) 


2. For every p = 2, 3, ... the function ¢,(,) on V, has the 
following form: 


l, when |y, — 38 < p™, 
ro» =| po D (3) 
0, when |y, — 33 > p-™?, 
where y% is a point on V,, and m, a nonnegative integer. Also 
m, = 0 for all but a finite number of p. 
We denote by M the set of functions 


yr) = (2) + e), pet, (4) 


and all their finite linear combinations. Obviously the functions 
(y) are finite continuous functions on Q., 

We shall show that the set Æ has all the properties stated in 
Theorem 9. We divide the proof into several stages. 

Lemma 7. The set M is everywhere dense in L,(Q). 

Proof. It is sufficient to show that the finite linear combina- 
tions of functions ¢ € M, form an everywhere dense set in L,(E). 
But this follows easily from the fact that the set of functions 9.,(7..) 
satisfying condition 1 is everywhere dense in L,(V,,), and the set of 
functions 9,(y,) of the form (3) is everywhere dense in L,(V,), 
pb =2, 3,.... 

Lemma 8. Let f(y) ¢ H’, where H’ is the image of La(X), 
X = T \ Ga, under the horospherical map. If 


JAO o = 0 (5) 


for every function y € M, then f(y) = const. 
Proof. First we observe that the condition (5) is equivalent to 
the following:. 


[ FPO} & =0 (6) 


for every function (y) € M. Now we prove the following auxiliary 
proposition: 
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Proposition 1. If the function f(y), y € E, ts summable on every 
compact set in E and satisfies the condition (6), then it does not depend on}. 

Suppose the contrary. Then we can find a compact open 
subset V® c V, where V=V,x--- x V, x+--, and where 
V‘ is defined by the conditions 


ly -II <p-™, =p =2,3,..., 
and is such that the function 


falda) = [SOn é 


yi 1) 
is not constant. 


We introduce the set -#,, of finite infinitely differentiable 
functions ¥ o(a) defined on V,, and satisfying (2), and we show that 


[ fo(r2) Foe) He = 9 (7 
Vo 


for every function P EM o. 
For we set 


Pw(Ieo)s when ve VO, 
PI) = PIa 0) = 


0 , when v ¢ V™®, 


where Pola) EM. Obviously, (9) EM. Substituting this 
function in (6) we obtain the relation (7). 

Let us show that (7) implies that fola) = const. The 
contradiction implies Proposition 1. 

For this purpose we go over to polar coordinates on V,,. Let 


7) -{ f(t cos 6, 7 sin 6)e d0. 
0 


Note that the set Æ „ necessarily contains the functions of the 
form 
Po(7 cos 0, rsin 6) = r ly(r)e™, k AD, 


_, 29(7) 
dr ” 


and 





PalT cos 0, r sin 0) = 7 


where (7) is an infinitely differentiable function defined on the 
half-line 0 <7 < œ and vanishing for sufficiently small and 
sufficiently large values of 7. Substituting these functions in (7) we 
find: 

fr! dt) dr f ERO dr =0, k #0. 
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Since these equations are valid for every finite function (7r), it 
follows from them that Fo(7) = Co, F,(7) = 0 for k #0. Conse- 


quently, f,,(9.) = const., which contradicts our assumption. And 


so Proposition 1 is proved. 

Now we proceed to the proof of Lemma 7. 

Suppose that f(y), y € E, satisfies the conditions of the lemma. 
We consider the inverse image F (x) € L,(X) of f(y) in the orthogonal 
complement to H°., Here H° is the kernel of the horospherical map. 

We show that F(x) = const.; the assertion of the lemma that 
f (9) = const. follows from this. 

Suppose the contrary: that F(x) Æ const. Without loss of 
generality we may assume that F(x) is a continuous function; 
otherwise we could go over from F(x) to the function 


9 = freo xe)ule) de 


where u(g) is a smooth finite function on G,. It is easy to check that 
F,(x) also lies in the orthogonal complement to H° and that its 
image satisfies the conditions of the lemma. 

Since the function f(y) does not depend on Y», it is invariant 
under the operators 


Tollo) SD) = f (Ifo) where Žo = (Ew l,..., l,... ). 


Consequently, the function F(x) has the same property. Thus, 
F (xg) = F(x). 

Besides, the set of elements x9g,, is everywhere dense in X; 
this fact can be established by simple modifications of the arguments 
in § 4.2 (see the Remark on p. 353). Thus, from the equation 
F(xg,) = F(x) and the continuity of F(x) it follows that 
F(x) = const. and the lemma is proved. 

Lemma 9. For every function ye M we have My e H", where 
H” c H' is the orthogonal complement in H’ to the subspace C of constants. 
Also, the functions My, where y € M, form an everywhere dense set in H”. 

Proof. By the definition of the operator M we have 


Lf My] = Í FOO) D, 


for every function f € H’ (the brackets denote the scalar product in 
H’). 

We show that My € H’, that is, My is orthogonal to the 
constants. For if f(y) = c, then 


Lf Mv] =€ (vO) o. 


a2 
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But the functions p(y) eM satisfy the relation Jol Jy) dy =0. 
Consequently, [ f, My] = 0. 

Conversely, suppose that a function f € H’ is orthogonal to all 
My, y € M, that is, [f, My] = 0. Then we have 


J fo) y)dy =0 for every y EM. 


Hence it follows by Lemma 8 that f(y) = const. Consequently, the 
functions My, y €.4, are everywhere dense in H”, and the lemma 
is proved. 

Lemma 10. Ifpe-@, then My € L,(Q). 

Proof. Since M = E + B, where E is the unit operator, the 
assertion of the lemma is equivalent to the fact that 


By e LQ). 
We recall that Æ is the set of finite linear combinations of 
functions of the form: 
p) = p) +e) (8) 
where 
PCI) = Palm) P2(I2) °°" PI) °° 


Here Pole) and 9,(9,), p =2, 3, ..., satisfy the following 
conditions: 


fpa) ba =0. 


1, when |J, — 931 <o-™, 
Pol Io) = | ? ? (9) 
0, when |}, — J3 > p. 


Therefore, it is enough to prove the assertion for functions (7) 
of the indicated form. 

We apply the formula (7) in § 4.10 for B to a function y(») of 
the form (8) and obtain: 


(By)(a, e0) =~ PIL w(t: 522) dte 


Tn#0 
—o0 


TE fo olano) a) (10) 
? max (inpli) =2 
The summation is taken over the integers n # 0. Here, as in § 4.10, 
we use the following notation: 
a, = (Fos Des ce > Dos ose ), where Y o = (7, 0), T= Ih Pp = (1, 0), 
Pp = 2, 3, 6665 U = (Vas Vay + + + Upp «+ ), Where 
Vol = |v,| =e*ee = |z,| meee = l; 
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Pool Poi Ym) = Pol Va 0 V5"), Pa I2 2p) = Palro Vz"); the signe 
denotes the operation of multiplication in £. 
We compute the integrals 


Polip 25 Vp) dipy (11) 


max (In| p,lép[)=1 
by using the explicit expression (9) for y,. We sett 


q = [Ip 
D 
and treat separately the case p x q, that is, m, = 0, and the case 
p\q, that is, m, > 0. In the first case, ,(y,) = 1 on the set V, 
of elements y, of norm 1. Therefore, the integral (11) is equal to the 
measure of the set of elements ¢, € Q, for which max ({n|,, |t,|) = 1. 
So we have: ifp }q, then 


l, when f ¥n, 


Polip 23 Vp) dt, = 1 
max (Inip ltp)=1 1 — P when f |n. 


Now we consider the case p | q. It is easy to check that if p | q, 
that is, m, > 0, then 
p™, when |n — z?| <p-™, 
Polip n; Vp) dt, = 
max (|nlp ltp) =1 0, when |n — zl > p-™. 


Here z? denotes the second coordinate of the point z, = 95 ° y 


By definition 


1, when |t, — zl <p, |n ~ z| <p-™s, 
Polips n5; vp) = 


0, when |i, — zi >p» or, |z — zi] > p", 


where z}, z? are the coordinates of the point z, = 3% ° Gy. Hence, the integral 


is zero when |z — 23| > p-™p. But if |n — z2| <p-™s, then the integral is equal 
to the measure of the set of elements £, E Qp for which |t, — zi] <p-™» and 
max (|n|p, |fp|) = 1. Next we show that this measure is equal to p-™». Again we 
treat separately the case p f n and p |n. In the first case, the set is given by the 
conditions |t, — z$] < p-™», |t| < l, and therefore, has the measure p-™». In 
the second case, the set is given by the conditions |t,| = 1, ltp — zi <po™, 
Note that |z}} = 1. This follows from the conditions: 


Ilp <1, |v — 23] <1, max (I4, IŻ) = 1). 
Consequently, in the second case the measure of the set is also p~™». 


Observe that the integers n #0 satisfying the system of 
inequalities 
|n — z5I <p™, p =2,3,..-, 


t The expression makes sense, because m, = 0 for all but `a finite number of p. 
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form a residue class modulo g = [[ p”*. In other words, they 


range over all the integers of the form 
n =a + qm, n+ 0, 


where a is a fixed integer from the interval 0 <a <q, and 
m = 0, £1, +2,.... So we find: 


1 when n = 
qT (1 ~ 3), a(mod 
II { Polip n; vp) dt, = me P D 


P max (|n|p,lé1)=1 0, when n Æ a 


(mod q). 
(12) 


To simplify (12) we introduce the numerical character yx,(n) 
defined by the conditions: 


l, when (n, q) = 1, 
n =| me) (13) 


0, when (n, g) > 1. 
Next we define a multiplicative function »,(n) by the formula 
veo) =TE(1 2), D= aaa) 
Bln 


In this notation we have: 


q n(1 — ‘) = 7 1,(n). 


pin, $ 
pta 


As a result, the formula (10) for (By)(a, ° v) assumes the following 
form: 


(By)(a,°2) = r F v(m (5 20), (15) 
where 
SC; Da) = f Polls 552.0) dt (16) 


—=0 


The summation is taken over the set g of integers n Æ 0 of the form 
n =a + qm,m = 0, +1, +2, . . . (ais a fixed integer, 0 <a < q).t 

Now we establish properties of the function f(s; v). From the 
conditions imposed on ¢o( Ye) it follows immediately that: f(s; væ) 


+ The number a depends, of course, on (vg, Ua, . » -+ s Ups - --). However, it is easy to 
verify that a is a piecewise constant function of (vz, us, +. -s Up» -- + )- 
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is a finite, infinitely differentiable function of s and satisfies the 


following condition 
+œ 


f f(s; 2.) ds =Q. (17) 
Under these conditions on f(s; vo) it can be shown that 


j 


uniformly in v. The proof of the inequality (18) will be given 
separately in § 4 Appendix 1.2. 
Since 


(By) (2) l? = fi(By) (a, °v)|% 7 dr do 
= ref h= x Pal) S (: ; 2e) 


we find by (18) that ||By||? < œ, and the lemma is proved. 

On the basis of Lemmas 7, 9 and 10 we conclude that Æ has 
all the properties stated in Theorem 9, and the proof of Theorem 9 
is now complete. 





D> y(n) f (" ; 2)| 7 dr <C, (18) 


neg 


2 
t dr do, 





17. Decomposition of the Representation in H’ into Irreducible 
Representations. THEOREM 10. (THE MAIN THEOREM). The image 
H' of L,(X) under the horospherical map splits into the direct sum 


H =C@H’ (1) 


of the one-dimensional space of constants C and the subspace H” of L,(Q). 
The representation of G4 in H” splits into the same irreducible representations 
as in L,(Q); however, in contrast to the latter, it contains each irreducible 
representation only with multiplicity 1. _ 
Proof. In § 4.13 we defined a unitary operator B in L,(Q) 
such that _ 
B? = E, (2) 


where E is the unit operator. We recall that B is an extension of B 
from a certain subset of functions everywhere dense in L,(). 
In L,(Q) we introduce a bounded operator M by the following 
formula: S _ 
M =E +B. (3) 


Note that M is self-adjoint and satisfies by virtue of (2) the 
following relation: _ B 
M? == 2M, (4) 
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Let H” be the orthogonal complement in H” to the subspace of 
constants C. We show that 


H" = M(L,(Q)), (5) 


that is, H” coincides with the image of Z,(Q) under M. Hence it 
follows, in particular, that H” = L,(Q). 

For the proof we take the set Æ of finite continuous functions 
defined on Q and satisfying the conditions of Theorem 9. We show 
that 

Moy = Mo for every function g € M. 


Here M is the operator introduced in § 4.14. For if p €M, then 
By €L,(Q); therefore, by the Corollary to Theorem 5 we have 
By = By. But, according to Theorem 8, 


consequently, Mp = Mo. _ L 

We consider the image M(-#) of M under M. Since M is 
everywhere dense in L,(©), its image M(-@) is an everywhere dense 
subset of M(L,(Q)) € L9). _ 

On the other hand, the set M( M) = M(-@) is contained as an 
everywhere dense subset in H” (Property 3 of Æ, see Theorem 9.) 
_ To prove (5) it is enough to check that the completions of 
M(M) in the norm of L,(Q) and in the norm of H” are the same. 
But this follows immediately from the next easily verifiable equation: 


(Mp M,) = 2[M p M) for any p, y E M. (6) 


Here the parentheses denote the scalar product in L,(), and the 
brackets the scalar product in H’. 


Proof of (6). 
(Mp M,) = (M%q, y) = 2(Mq, y) = 2[M,, M]. 
Note that H” may be characterized as the eigenspace for the 


eigenvalue 1 of B. This follows immediately from the equations: 
H" =(E+B)L,(Q) and B? =E. 


Finally, we show that H” has a spectrum of multiplicity 1. 
From § 4.9 we know the representation in L,(Q) splitsinto irreducible 
representations acting in the spaces H, of homogeneous functions. 
Here the representations in the spaces H, and H7, and only they, 
are equivalent. Thus, the irreducible representations occur In 
L,(Q) with multiplicity 2. 

The operator B, since it commutes with the representation 
operators, carries the sum of equivalent spaces 


H, + Aya 
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into itself, From the formula for the operator F of Fourier trans- 
formation in L,(Q), which as we know coincides with B (see § 4.13), 
it follows that E 
BH, = H,-, 

that is, B interchanges the spaces H, and H,-1. 

Hence, it follows that the operator M = E + B carries the 
space H, + H,- into the subspace H” of functions of the form 
vy, + By,, Pr cH, This shows that the representation in the 


subspace H” = M(L,(Q)) has a spectrum of multiplicity 1, and the 
theorem is proved. 


18. Connection of the Operator of the Horospherical Auto- 
morphism B with Dirichlet L-Functions. In this subsection we 
construct a system of functions y, € H, for which we can find an 
explicit expression for the operator B. The formulae we obtain are 
interesting in that they establish a link between the degeneracy of 
the operator M = E +B in the spaces H, + H, and the 
functional equation for the Dirichlet Z-functions. 

First of all, we recall the description of all characters 7(A) on 
the group of ideles that are identically equal to 1 on the subgroup 
Q* of principal ideles. 

Let 

m = (Wey Tay eee, Myers) 
be a character on the group of ideles 


A = (åa Aap se ey App eee )s 


(A) = Tolo) mal As) °° + Taia) °° 
The characters occurring in this product may be written in the 
following form: 

Tolia) = lols SIGN” A. (1) 

Wl Ay) = lAl 8,(A,), p = 2, 3,... (1’) 
Here s and s, are arbitrary complex numbers; v = 0, l; 6,(A,) isa 
unitary character for which 

9,(P) =]. 


Furthermore, only finitely many characters 6,(A,) are not 
identically equal to 1. 

The condition that the character 7(A) is identically equal to 1 
on the subgroup of principal ideles 4 is obviously equivalent to the 
following relations: 


Wop (—l)m(—1)... 7(—1) . 


T oo(P) 72(P) vce 1 4(p) . 


that is, 


1 


and 
l 
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for every prime number p. When we substitute here the expressions 


for 7,(X), 12(X), s. -3 M(x), +--+, we find 
6.(—1) ---0,(—1) +--+ = sign’ (—1); 
al ) (—1) sign” (—1) (2) 
POP) (2) “=> = L 


Let 6(4) be the unitary character on the multiplicative group of 
rational numbers that is defined by the formula 
8(A) = 8,(4)---6,(a) > °°, (3) 


Then (2) can be written in the form 


6(—1) = sign” (—1), p” = p*6(P). 


Thus, every character 


T = (Tos Tey +++ Ty ee) 


on the group of ideles that is identically equal to 1 on the subgroup 
of principal ideles has the following form: 


Toldo) = Xol% sign” Acs (4) 
Tpl Ap) = jx,” 6,(A,), p = 2,3,..., (5) 


where 6,(A,) are arbitrary characters such that 0,(p) = 1, s is a 
complex number, and the exponents v and s, are determined by the 
formulae 

sign’ (—1) = 6(—1), p° = p°0(f), 
where 

O(A) = ala) +++ OCA), oap AE QH. 

Henceforth, only such characters a(4) are considered. We 

extend each of the characters 7,(A,) defined by (4) and (5) to a 


character on a quadratic extension of the field. Specifically, we 
extend the character 


Taola) = Xoli SIgn, Xa 


which is defined on the multiplicative group of real numbers, to a 
character on the group of complex numbers according to the 
following formula: 

Tolz) = |z| e z, 


Next, we extend the character 
T(x) = la 0,(%5)> 
which is defined on the multiplicative group of the field of p-adic 


numbers Q,, arbitrarily to a character on the quadratic QV En) 
of Q,, where e, is an element of the field of norm 1 (and not a square 
in Q,). We denote the character so obtained by the same letter 
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m, The points of the underlying affine space are denoted as follows: 


a = ((%, I), (X22) ++ -> (Xp) Ip) «++). 
We introduce functions of the following form 


gp? (a) = molt + ay) |e + il- TD (xp + V Eno) [tp + Ve, Ial 
p 


(6) 
Pea) = molt — b) le — ii TI mole, — V Epo) Xp — Veg gl? 
(7) 


Our object is to compute 
BoP(a) and Bop(a), 


a 


where B is the operator of the horospherical automorphism. 
Obviously, 


Bo (a) = BolT olx + iy) Ix + OY) 
TI Bol p(%> + VEI») Xp + VEI"), (8) 


Boy (a) = Ba(t(* — Y) Ix — vm) 
II B,(15(%p = Vey.) Ix» = VEJ)» (9) 
D 
where B, is the operator of the horospherical map corresponding to 
the group of matrices over the field of p-adic numbers. 


Formulae for the operators B, were obtained in Chapter 2, 
§ 3.11: 


B(m(* + iy) |x + ol!) = AD(To) wax — D) Ix — OI, 


where 


B(—,5), when y = 0 
B(-*+-. 5), when » = 1 
2 °2 


(B(x, y) is the classical Beta-function) ; 
By(m (Xp + VEn) tp + el?) 
= AD (ay) 75 (Xp = V e595) Ixp ~~ DAE 
where 
1 — p” 


— pp-l 

is i , when 8,(å,) = 1, 
AD (7p) = 

Tup (7p), when 0,(4,) # 1. 
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Here n is the rank of 0,, that is, the least natural number a for which 
6,(1 -H ps) = 1 for jsl < 1; |p,(7,)| = 1. 
On the basis of these formulae we find that 


Bop = AM (m) oP, (10) 
where 


AM) = AP (a a) Ama) © AMC) 


Similarly, on the basis of the formulae of Chapter 2 we find 
that 
Bop = a(n) ph, (11) 
where 
KD m) = APC) AP (me) «== AM) =>, 


and the factors A?(m,) are connected with A(a, by the 
following relations: 


AD (Ta) = (—1)AD (ra); 
AD (Tp) Ap (73) = Po" t), 


where z is the rank of 6,. 

We wish to write an explicit expression for 2 (7) and A(z). 
We shall see that A" (a) and A®(a) can be expressed in terms of 
Dirichlet L-functions. 

For exactness, we consider the case v = 0, that is, 


T w( Aco) = lå olo 


We use the following notation. Let A, be the set of prime numbers p 
for which 7,(x,) = |x|; A, the complementary set of prime 
numbers. On the basis of the formulae derived above we then have: 


l 1 — pee 
Ay = B( — 5 5) I —Npf{2 
(77) 9 a 9 Noe — p” ip go, 
where n, is the rank of 6,(x,), lol = 1. We write this expression in 
another form by recalling that 
p” = p°6(p), 
where 


o(p) = i O(P) 


We introduce a function 6(p) on the set of integers n 4 0 by defining 
it as follows; 

If n = (—1)‘ph +--+ p*s is the decomposition of n into prime 
factors, then 8(n) = O(n) when pı» ..., p; belong to A,, 6(n) = 0 
otherwise. 


§ 4. GROUP OF UNIMODULAR MATRICES OF ORDER 2 341 


It is easy to check that ĝ(n) is a periodic function with the 


period 
k(6) = II $”, 


Az 


b(n + k) = b(n) 


that is, 


for every integer n Æ 0. 


Thus, the expression for }™ (7) can be written in the following 
form: 


ar, pl 22) ie SOP, 
AY Cr) = B( 3) I i br k(6) 0, 
where k(6) is the period of the character 6(n), |o| = 1. 
The product 
L(s, 6) = TJ (1 — 6(p)p-*) 


Pp 
is called a Dirichlet L-function. 
Hence, the coefficient A (m) can be expressed in terms of 
Dirichlet Z-functions according to the following formula: 


l L(—s, 8) 
(1) = B( — s ze 0 ? , 
a) 2) Oasi? 
Similarly, we find p 
A? (m7!) — a(S , Jeco) L(s, 6) — 6. 
2 2 Lil +s, 6) 
As was shown in § 4.12, the square of B is the unit operator: 
B? = E. (12) 


Since Bo = A (r) and Bo® = AP (m) gH, (12) is 
equivalent to the following relation: 


AY (ar) AP 2) = 1. 


When we substitute here the explicit expressions for 4®(7) and 
A® (771), we obtain 


s afs 1\,, L(=s, DLE 
B(—5,5)8(5.5)4 (8) L(1 —s, LU +5, 6) 03) 


So we have established that the condition B? = E or, what is 
the same, the condition of degeneracy of the operator M = E + B 
on every space H, + H, is equivalent to the functional relation 
(13) for Dirichlet L-functions. 

The relation (13) is a consequence of the standard functional 
relation for Dirichlet Z-functions: 


L(1 — s, 0) = (Ô) (2m) Kr (s) (e8 —1) + e)s, 8), (14) 
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where 


(6) = fi when 6(—1) = 1, 
i, when 6(—1) = —1. 


For in our case 6(—1) = 1. Therefore it follows from the 
functional relation (14) that 


Hs GB) Ze = S — os? Z > 
Lil —s, #)L0 +s, 5 * (9) = (arian s) c z.) 


. T 
s sin ws 170mg 
= — — = —- (15) 
4r cos? — s 2 costs 
2 2 
On the other hand, we have 
Om cos 
s l s :) 2 
B(-5.5)8(555 = (16) 
ssn -y 


The relation (13) follows immediately from (15) and (16). 


When v = 1, that is 
Tap (Ap) = lal? sign dos 
we have the following expressions for A“) (r) and A{2)(7): 


s—l ) L(—s, 6) 


A (ar) -a(-25* 5 ee) k-(6)o, 


k-4(0) 4. 





. —s—1 1\ Ls) 
AD (rt) = iBl — z s3 lZ 
msi ( 2 alza + s, 6) 


Thus, in this case the equation B? = E turns out to be equivalent to the 
following relation: 


1 s 1\ fl. s! L(—s, 6)L(s,6) sg 
-B(- —=,-\Bl- + =,-) ——— 8) = 1,7 

( 3°) TED mbna adh © 
where 6(—1) = —1. 


It is easy to verify that this relation is also a consequence of the relation (14) 
for Dirichlet L-functions. 


APPENDIX I TO §4 


Here we give the proof of the two lemmas for functions on the 
half-line 0 < r < œ. These results were used in § 4. 
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1. Lemma on the Completeness of the Family ©,. Let 
®, be the family of functions g(r) defined on the half-line 
0 <7 < œ and satisfying the following conditions: 

1. The function g(r) is finite, infinitely differentiable, and 
vanishes in a neighborhood of 0, the same for every function g. 


2. | p(7) dr = 0; 


3. | p(r)rdr =0. 


| 
| 


Let 6(n) be a fixed numerical character. We introduce the function 


y(r) = Š 6(n) p(n), ye, (1) 


Lemma. Ifthe function f(r) ts such that 


f Ordr < o (2) 


and f(r) satisfies the condition 


JAI ar = 0 (3) 


for every function p(t) of the form (1), then F(r) = 0.Ẹ 
Proof. First we introduce the Mellin transform of f(r), 
0 <r < œ, by the formula: 


fle) = [fdr -o<p<+0 4) 


v2 


and prove two propositions on this Mellin transform. , , 
Proposition 1. The Mellin transform (4) establishes an isometric 
map of the space of functions f (7) with the norm 


of —— 9 


@ 


[fle = [f(a r dr. 


v 
0 


+ Observe that functions (7) of the form (1) are finite, infinitely differentiable, and 
rapidly decreasing as r — 0. 
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onto the space of functions f ( p) with the norm 


+o 
Ifi = Í Lf (p) |? dp. 
Thus, D 


Í f(a)? 7 dr = fiae dp. 


The inversion formula for the Mellin transform has the following form: 


l i * —ip—1 
fo) = J fp)? dp. 


Proof. If we change v to the new variable ¢ = ln 7, then the 
Mellin transform goes over into the Fourier transform of a function 
of t, namely f(e‘\e’.. The assertion of the lemma follows immediately 
from the properties of the Fourier transform. 

Proposition 2. The Mellin transform of a function w(r) of the 
form (1) is expressed by the following formula: 


v(p) = L(1 + ip, 6) ¢(p), (5) 


where L(s, 0) is the Dirichlet L-function. 
Proof. We set 


a 


Af l is 
W) = J yl) dr, (6) 


where s is a complex number, Since the function y(r) is finite and 
fast decreasing as 7 — 0, the integral (6) converges for any complex 
s and defines an entire analytic function. We substitute in (6) for 
y(r) its expression (1). If Ims <0, then we may interchange 
summation and integration in the expression so obtained. As a 
result we find 


p(s) = $ O(n) - va! g(nr) 78 dr 


n=1 





— Š o) f plr)" dr. 


Thus, 
p(s) = L(1 + is, 0O ğ(s), Ims <0. 
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Since both sides of this equation can be continucd analytically to the 
whole complex plane, the equation is valid for arbitrary s. In 
particular, for real s we obtain the required equation (5). 

Now we proceed to the proof of the lemma. Let H be the space 
of all functions f(r) satisfying conditions 2 and 3. Suppose that the 
lemma is not true, that is, H Æ 0. 

Obviously, H contains functions f #0 that are sufficiently 
smooth at the points +40. Let f(r) be one of these smooth 
functions. Going over in (3) from the functions to their Mellin 
transforms we find: 


| HOLA ie, 5 FH) de = 0 (7) 


for every function gy € ®,. 
We introduce the new function 


Fl) = fle F ip, 0) poa (8) 


We know that L(1 — ip, 0) has a simple pole at p = 0 and 
that L(1 + ip, 6) = O(ln {pl) as p— +œ. Hence, it follows that 





the function L(1 + zp, 0): ; is bounded, and therefore, F(p) 


P 
1+ p 
is of square-integrable modulus. 
Let F(r) be the inverse Mellin transform of F (p). Then 
[Erd < 0. (9) 
0 
From (7) it follows that 
f Feats dr =Q, (10) 
0 


where u(r) is the inverse Mellin transform of the function 
1+ p? 





(p), that is, 


1+ 


u(r) P! lp)r- dp. (11) 





-j4 


We have to show on the basis of (10) and (11) that F(r) = 0. For 
this then shows that F(p) = 0; hence, also f(r) = 0, in contradic- 
tion to the assumption made. 
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We express the function u(r) defined by formula (11) directly 
in terms of g(r). By the formulae for the Mellin transform and the 
inverse Mellin transform we easily obtain: } 


u(r) = afefe dr — ot) 


Thus, (10) assumes the following form: 


F(r) ) dr — r(rg(7))’) dr =0 (12) 
[rolf ) 


for every function ¢(7) € ® 
Observe now that the set ®,, contains the functions g(r) of the 
form 
d?a(7) 
(7) =a > 





where a(r) is an arbitrary finite function that is defined on0 <7 < œ 
and vanishes for sufficiently small values of r. Substituting (7) -= 
da(r) . 

i 


7 in (12) and integrating by parts we find 





jeo + (rF(r))" — (12F (1) alr) dr = 0. (13) 


Since (13) holds for every finite function a(r) that vanishes for 
sufficiently small values of r, it follows that 
F'(r) + (TF (7))” — (r?F(7))” = 0. 
The general solution of this equation has the form 
F(t) =C, + Cln r + Cr? 
+ It follows from the formulae for the inverse Mellin transform that 


(glr) = i7 = f plp) TP dp, 


-0 


T +o 
1 veg 
=f on dr =i f p plp) T! dp, 
0 —% 


T 


r f plr) dr — (rp(n))’ = tu(r) 


0 
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Furthermore, since 


aw 


frre rdr < ©, 
0 


it follows that F(r) = 0. 


2. Lemma on Functions Defined on the Half-Line 0 < r < œ 
and Belonging to Z} Let 


oe) == SF va + ams (=), (1) 


where we use the following notation: gq is a fixed positive integer; 
a a fixed integer from the interval 0 <a <q; y,(n) is the multi- 
plicative function defined by the formula 


_ Zalh) _ 
vet) = TE (1-22), ye) =, 2) 


pin 
(the product is taken over all prime divisors of n), where 


l, when (n, q) = 1, 


tal”) = K when (n, q) > 1. (3) 


Lemma. If f(x) isa finite, infinite differentiable function on the line 
— æo <x < +æ and satisfies the relation 


| se) & <0, (4) 
then B 
fioo)iex ax < ©. (5) 


First of all we reduce the proof of the lemma to that of another 
proposition. a q 

Let (a, q) =d and a’ => q =F 
Y(n) it follows that 


From the definition of 


Pala + qn) = pa + qn). 
Thus, (1) may be written in the following form: 


ole) = S wall’), (6) 

we 
where f,(x) =f (dx); the summation is taken over the set g, of 
numbers of the form a’ + g’m,m =.0, +1, 42,..., that is, over a 


residue class mod g’ to q’. 
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Let Gy be the multiplicative group of residue classes mod g’ to 
g'. With every g e Gy we associate the function 


ole) = F pd ALE): (7) 
neo 
Our function y(x;g) is contained among the functions g(x). 

Next we introduce the function 


polz) = 29 38) 8(g), (8) 


where 0(g) is a character on Gy. To write the expression for 
g(x) in a more convenient form we introduce the numerical 
character 6(n): 

O(g), when z € & gE Gy, 


Xn) 0, when (n, q) > 1. 
Then the formula for ¢,(x) assumes the following form: 
vols) = 5 00m) vel fi(2) (9) 
i pala) = a= Š ofw), (10) 
where = 
F(x) =fi(x) + 6(—l)fi(—2). (11) 


Observe that by the conditions imposed on f(x) the function 
F(x) is finite, infinitely differentiable on — œ < x < + 0, and that 


f F(x) dx =0, provided that 0(—1) = 1. (12) 
0 


Since the original function g(x) is a linear combination of functions 
a(x), where 0 ranges over all characters of Gy, the proof of the 
lemma reduces to that of the following assertion. 

Let F(x) be a finite, infinitely differentiable function defined on 
0 <x < œ and satisfying condition (12). Then for the function 
P(x) defined by (10) we have 


D 


IZO dx <0, (13) 


0 
We now proceed to the proof of this assertion. 
We consider the Mellin transform of q(x) : 


© 


i | oea de, (14) 


Propostrion 1. The integral (14) converges for o <0; the 
function (o + it) is analytic in the domain ø < 0. 


Polo =+- t) = 


APPENDIX I TO §4 349 


This follows immediately from the fact that p(x) vanishes for 
sufficiently small values of x, and that |g,(x)| < C, as x > œ. 

Observe that by the inversion formula for the Mellin transform 
@ (x) can be expressed in terms of ¢,(o + if) in the following way: 


+o 


1 
pli) = se | Alo tiedn @ <0 (15) 


Prorosrrion 2. The Junction Pals), 5 = o + it, can be expressed 
in terms of the Mellin transform F ie of F(x): 
L(1 — 5, 9) » 
Go(5) = L(2 — 5, a 
where L(s, 0) is the Dirichlet L-function: 
© O(n 
L(s,) = 3°) = TT — ope (17) 


n=l M p 


Fil — s5, o <0, (16) 


To prove this we substitute in (14) the expression for p(x) and 


find: 
fils) =e æl (È ovr (e) dx. 


From the fact that F(x) is finite it follows that here for ø < 0 
summation and integration may be interchanged. As a result we 
obtain 


) = (Som) _(n)né- \F( (1 —s), (18) 


where F (s) is the Mellin transform of F(x). 
Now we express the sum of the series in (18) in terms of the 
Dirichlet L-function L(s, 6):T 


Žoan 
= TEC + vole) (pier + PHPP? ts) 
_ _ tal P)\__ O(P)Pe™ 
7 ni + ( ki ); — e) 
1 — Opp _ LU —s, 9) 
=T op = ~ L(2 — 5, 0) 
Thus formula (16) is proved. 





+ In the proof we use the fact that y,(1) = 1, 


P) = Y$) = | — ee), k=1,2,..-; 
and that 0(n)7,(n) = O(n) for every n. 
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Proposition 3. The function ¢,(s), s =o + it, defined for 
a < 0 by (16) can be continued analytically to the whole complex plane and 
has no singularities in the domain e <l. 
Proof. The function FU — s), s= g + tt, is given in the 
domain ø < 0 by the convergent integral 


y 1 f 
Fil —s) = Tan] FO dx. (19) 


and, in this domain, is an analytic function of s. Integrating by 
parts we verify immediately that Fil — s) can be continued 
analytically to the whole complex s-plane and is an entire function 
of s. 

On the other hand, it is known that the L-function L(s, 6), 
s =a + it, defined for ¢ > 1 by the convergent integral (17), can 
be continued analytically to the whole complex plane. 

Hence, it follows that the function ¢,(s), s = o -L it, defined 
for ø < 0 by (16), can also be continued analytically to the whole 
complex s-plane. 

Now we show that ¢(s) has no singularities in the domain 
e <l. 

For this purpose we use the following well-known proposition 
on the poles and zeros of L(s, 0): 

1. If O(a) #1 (€Gy), then L(s, 0) is an entire function of s. 
If 6(g) = 1, then the only singularity of L(s, 0) is a simple pole at s = 0. 

2. L(s, 0), s = a + it has no zeros in the domain a > 1. 

From these properties of L(s, 0) it follows that if 6(g) Æ 1, 
then the function 

Lil — 5,8) x 


Go(5) = T(2 s 8) Fil —s), s=a-+it, 


has no singularities in ø <1. But if 0(g) 41, then its only 
singularity in o <1 can be a simple pole at s = 0 (because 
L(1 — s, 0) has a simple pole at s = 0). However, if 6(g) = 1, then 
F(x) satisfies the relation 


therefore F(1 — s) has a zero at s = 0. Consequently, ¢,(s) has, 
in fact, no singularity at s = 0. 
PROPOSITION 4. 
+a 
( lola — it)|? dt < const. 
v 
e] 


in the domain —A <a <1, where Ais any sufficiently large number. 
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This assertion follows immediately from the expression (16) 
for ¢,(o + it) and the following estimates, as £ — œ: 


Lil — ø — it, 0) = O(lt|*) fore <1; 
l 
L(2 — o — it, 0) 
F(l — o — it) = O(t). 
Here a is a positive number; WN is any sufficiently large positive 
number. All the estimates are uniform in a on the interval 
—Asacl. 

The first two of these estimates are well known in the theory of 
Dirichlet Z-functions. The last estimate follows immediately from 
the properties, finiteness and infinite differentiability, of F(x). 

We now usc the following result (sec, for example, Paley and 
Wiener, Fourier transforms in the complex domain, Theorem IV). 

Suppose that the function f(s) is analytic in the strip 
—2 <ø < p, and that it satisfies in this domain the inequality 

+0 


f Lilo + it)|? dt < const. 


v 
%0 


= O((é|*) forø <1; 


Then there exists a measurable function f(y) such that 


+% +o 
[roroa [foey < o 


and that on the closed interval — 4 < ø < u 


+a 
Y 


l 
o + it) = —=—= eletilly d 

Jo + i) = J Player dy 
The convergence of the integral is understood in the sense of the 
mean square. y 

We apply this result to the function ¢,(s) (in our case u = 1). 
Setting f(y) = u(e’) and introducing instead of y the new variable 
x = & we conclude: 

There exists a measurable function u(x) such that 


Í Ju(x)|? x dx < a, f Ju(x) |? x727} dx < œ (20) 
0 


0 
and 
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By the inversion formula for the Mellin transform we have 
lf. a 
u(x) = —=— | G(o + it) dt, —A<o <i}. 
Vin: 


Substituting this equation in (15) we conclude that u(x) = (x). 
Thus, by (20) we have proved that 


IZO dx < œ. 


and the lemma is proved. 
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1. On the Connection Between the Homogeneous Space 
Go \ G4 and the Homogeneous Spaces of the Group Go. Here we 
clarify the connection between the homogeneous space Gg \ Gy and 
the homogeneous spaces Tn \ Go of the group G „ of real unimodular 
matrices of order 2, where I’,, is a congruence subgroup. We recall 
that Im, where m is a natural number, consists of all integral 
unimodular matrices of the form 


y=etmy’, 


where e is the unit matrix and y’ an integral matrix. 

Consider the space Hp =TL,(T,,\G,). By definition it 
consists of the functions f(g) on G, that satisfy the following 
conditions: 


1. flyg) = f(g) for every ye Tm; 
2 | Ifleltdg < =. 


Pa\Goo 

Obviously, if m is divisible by n, then Ta € I',; therefore, the 
inverse inclusion H, © H,, holds for the corresponding spaces. 

Thus, the spaces H,, form a direct spectrum. We show that 
the spectral limit of the spaces H,, ts L,(X) = L,(Gg \ Ga). 

To prove this we establish an isomorphism between the spaces 
H,, and certain subspaces of L,(X) which will be defined presently. 

We denote by U™, where m is any natural number, the 
subgroup of adeles of the form 


g = (lug... Ups --)s 


that satisfy the following conditions: 
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l. u, E€ U,, where U, is the subgroup of integral p-adic matrices, 
$ =2,3,.... 

2. If m is divisible by p”, then u, = e(mod p”), where e is the 
unit matrix. 

Clearly, the subgroups U™ are compact and among them there 
are arbitrarily small ones, that is, every neighborhood of the unit 
element of G, contains at least one such subgroup. 

We denote by L$"(X) the space of functions in L,(X) that 
satisfy the following condition: 


f(gu™) =f(g) for every u™ e U™, 


If m is divisible by n, then obviously U™ c U™; hence, for 
the corresponding spaces L{"(X) and L®(X) the inverse inclusion 
holds: 


L™®(X) = LX), 
Thus, the spaces L{™(X) form a direct spectrum. Their 
spectral limit is the whole space L,(X). This follows immediately 


from the fact that among the subgroups U‘™) there are arbitrarily 
small ones. We show that 


A, = Ly" (X). (1) 
As a preliminary we show that 
Dy. \ Go = Go \ G U™. (2) 


To set up the isomorphism (2) we use the following result. 

For every adele g and every natural number m there exists a 
principal adele y for which yg = &,,u'™, where go © = (g,1,1,-.-) 
and u™ e U™, This result was essentially established in § 4.2. 
True, there we proved only the weaker proposition: there exists a 
principal adele y for which yg = gu. However, by modifying the 
arguments in § 4.2 slightly we can easily derive the result stated 
here. 

From this result it follows that every double coset of Gg \ G4/U™ 
contains representatives of the form fo = (8% l, 1,.-.). We show 
that the set of elements g,,¢G,, that correspond to one and the 
same double coset of Gg \ G4/U‘™ forms the coset I',,g.- Then we 
have the one-to-one correspondence 


Go \ Ga[U™ - rn, \ Go (3) 


Now two elements Z,, and 3’, belong to one and the same 
double coset if and only if they are connected by a relation 


Vem = um, (4) 


where F = (y,...,Y,-.-) is a principal adele and u™ e U'™, 
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The equation (4) means that 


(l, Y,- -3 y) EUM (5) 
VE = So (6) 
But (5), as is casy to verify, is equivalent to the condition that 
ye T”, Thus, (4) is equivalent to the condition that yg, = gi, 
where y E€ Pm 
So we have established a one-to-one correspondence between 
the points of the spaces D'n \ Go and Gg\ G,/U™. An casy check 
shows that this is a homeomorphism. 
This correspondence induces a one-to-one correspondence 


Pm: f (Sa) > F(g) 


between the functions f(g.), Zo € Go, that are constant on the 
cosets of Tn \ Ga and the functions F(g), g € G,, that are constant 
on the double cosets of Gg \ G4/U™. 

It is easy to verify the following properties of the map. 

1. The image of La( Ym \ Go) under o,, is LYM (X). 

2. Pm is an isometric map of La( Tm \ Go) onto L (X). 

3. For arbitrary natural numbers m and n, where m is divisible by n, 
the following diagram is commutative : 


L(T, \ Go) —> LP(X) 
| 


| l 
Lal Lm \ Go) > LY” (X). 


The vertical arrows indicate the embedding isomorphism. 

The verification of these properties is left to the reader. 

Thus, for every m we have an isometric map of L,(T,, \ Co) 
onto L{™(X). By property 3, the spectral limit of the spaces 
Lal Ia \ Ga) is isomorphic to that of the spaces L{”(X), that is, to 
L,(X). 

So we have shown that the direct spectrum of the spaces 
La(T m \ Go) is isomorphic to L,(X).t 

In fact we have a stronger result. For the space L,(X) can 
naturally be regarded as a module over the ring S(G_4) of Schwartz- 
Bruhat functions on G4. Multiplication of a function f(g) € L(x) 
by an element y(g) € S(G4) is defined by the following formula: 


ole) * fe) =| Flee’) ole’) de’. (7) 


On the other hand, each of the spaces LY” (X) = Hn is a 
module over the subring S,,(G,) of Schwartz-Bruhat functions that 
are constant on the double cosets of U™ \ G4/U™. 


_t We mention in passing that the spaces Tn \ Ga œ= Gg\G,/U'™ also form an 
inverse spectrum whose spectral limit is Gg \ G4. 
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It is easy to verify that the space L.(X), regarded as a module 
over the ring S(G,) of Schwartz-Bruhat functions on Gy, is in a 
natural sense the direct spectrum of the spaces Li" (X) = Hm, 
regarded as modules over the subrings S,,(G,) of Schwartz-Bruhat 
functions that are constant on the double cosets of U™ \ G,/U™.+ 

In conclusion let us clarify how the elements of the ring S,,(G 4) 
act in the space H, = L,(T,, \ Go) 

Observe that S,,(G 4) is the tensor product of two rings: 


Sin(G4) = S(G,) ° Sm(Ga)s 


where S(G,,) is the ring of functions on the group G,, and S,,(G) 
the ring of functions on the group G, of adeles of the form 
(l, 8a.. .,8p...) that are constant on the double cosets of 
Um \ GJU™. 

Obviously the elements g € S(G,,) act in the space 


Hm = Lal Em \ Go) 


according to the formula 


Pll o) *f Eo) =f (8 080) P(Bin) In» 


Therefore, we investigate how the elements of S,,(G4) act. 
Tirst, we observe that by a result stated on p. 353 every element 
of G, is representable in the form 


g = pum, (8) 


where u™ e Um, § = (1, y, y,...), and y is a matrix over Q 
which is uniquely determined to within multiplication on the right 
by elements of T'„. Hence, it follows immediately that 


ym \ G,/U™ œ~ Pan \ Gol Pan 


and therefore, that S,,(G,) is isomorphic to the ring 5(G) of functions 
on Gg that are constant on the double cosets of Tn, \ Gg/I,, and 
different from zero only on finitely many such double cosets. 


t We give a general definition of a direct spectrum of modules. 

Suppose that we are given a collection of rings R,, and a collection of R,,-modules 
Hm, where m ranges over a partially ordered index set. As usual, we assume that for 
arbitrary m, and m, there is an m with m > m,, m > ma. We assume that every ordered 


: oye . . : ` Pam ` 
pair of indices n < m is associated with a monomorphism R, hiiit Rm of R, into R,, anda 


monomorphism H,, vem, H,, of H, into Hm satisfying the following conditions: 
1. Iff <m <n, then PomPmn = Pons PomPmna = Pons 
2. ifrE Ry, hE Ay, then Pan(th) = Pam(7)Pam(h)- 
By virtue of 1 and 2 the monomorphisms Qam and yy, can be interpreted as embeddings. 
Let H be the spectral limit of the spaces Hm and R the spectral limit of the rings Rm. 
Then H can be endowed naturally with the structure of an R-module. The R-module H 
so obtained is called the direct spectrum of the R,,-modules Hm. 
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Let us write down how the ring S,,(G,4) acts in the space 
L&™(X), As we know, the product of a function fe Ly” (X) by 
Y €S,,(G4) is expressed by the following formula: 


(8) *f(g) = [s (gg) plg) dg’. 


v 


Ga 
When we substitute here for g’ the expression (8) we obtain 


psf = X f(epu™) o(ju™) dum =mesU™ X f(e7) eP). 
EGI m veC gl Pm (9) 


Now we go over from Li”(X) to the space H,, = La( Tm \ Co) 
isomorphic to it. We recall that the correspondence between 
functions f(g) e L{"(X) and functions F(g,) €L:(T,\G.) is 
realized by the formula 

F(ga) =F 8x)» 


where 2, = (ga, 1,.--,1,.+.). Obviously, in this correspond- 
ence the function f,(g) =f(gf) is associated with the function 
Filg o) = F(y38 0): 

Thus, in the space Hm = L,(T,,\G,) multiplication by 
elements of the ring S,,(Gg) = Sm(Ga) is expressed by the following 
formula: 

p*F=cn $ PETE) (10) 


VEGQ/ Tm 
where 


c = mes UM = (TiTa) 


Let P, be the characteristic function of the double coset Dm Yofm- Since 
every function p E S,,(Gg) is a linear combination of functions p}, to prescribe a 
rule of multiplication by elements of 5,,(Gg) it is sufficient to give it for the 
functions p,- On the basis of the general formula (10) we have 


(yo) 


Py *F = 6m > F(a) 
yEG QT in 


where the summation is taken over the set of coscts yl» that occur in the given 
double coset l'mYol'm It is not hard to sec that this is always a finite set. 
The operator F — y,, * T is called a Hecke operator. 


2. The Generalized Peterson Conjecture. In this sub- 
section we find it convenient to consider, instead of the group of 
unimodular matrices of order 2, the projective group, that is, the 
full group of nonsingular matrices of order 2 factored by its center. 
We denote this group by G. 

We state a conjecture about the spectrum of the space 
L,(Gg \ G4), which we call the generalized Peterson conjecture. 
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We consider an irreducible unitary representation T(g) of 
Ga. According to § 3, it is a tensor product 


T(g) = Tolle) O Tolg) O O Ty (gp) Q 


of irreducible unitary representations T,(g,) of the groups G, 
and all the 7,(g,) except a finite number are representations of 
class 1. 

CONJECTURE l. If the irreducible unitary representation 


T(g) = Tolgo) & T2(g2) Qs @ T,(85) ®> 


belongs to the discrete part of the spectrum of Lo(Gg \ Ga), then among the 
representations T,(g,) only finitely many can belong to the supplementary 
series. 

We show here that for the special case when To(ge) is a 
representation of the discrete series, this conjecture is equivalent to 
the Peterson conjecture, which we state below. We make use of the 
connection between the spaces Gg\G, and I,,\G, that was 
established in § 4 Appendix 2.1. This connection was set up only 
for the group of unimodular matrices; however, all the arguments 
carry over without change to the group of fractional-linear 
transformations. 

We consider automorphic forms of weight z relative to a 
congruence subgroup Im, that is, analytic functions f(z) on the 


a 0 
half-plane Im z > 0 that satisfy for every g = ( a in [,, the 
Y 


condition 


Jez) j "z 8) =f (2) 


az 
Bz TY, and j(z, 8) = pe + ô. 


In Chapter 1, § 4 we proved that the dimension of the space of 
automorphic forms of weight n is finite and equal to the multiplicity 
with which the corresponding representation T} (g) of the discrete 
series is contained in La( Im \ G,). 

With every double coset lny Fm of Fm in the group of matrices 
with clements from the field of rational numbers we associate an 
operator $”” in the space of automorphic forms of weight n relative 
to Fm: 





where gz = 


Serf) == E SAH 7) (1) 

Ny VEE mGa 
where the sum is taken over the set of cosets T „y; that occur in the 
given double coset Tmy lm; n, is the number of the coscts. As we 
mentioned in §4 Appendix 2.1, this set is always finite. The 
operators 5” are called Hecke operators in the space of automorphic 
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forms. It is not hard to verify that Hecke operators carry auto- 
morphic forms again into automorphic forms. 
In what follows we consider only Hecke operators corresponding 


to the matrices 
k , 
Vo = 0 $ 


where p is a prime number not dividing m. For brevity, we denote 
these operators by S,. 

It is not hard to verify that the operators S, are self-adjoint and 
that they commute with each other. Thus, the space of automorphic 
forms can be decomposed into a direct sum of one-dimensional 
spaces that are invariant under the S,. Let 2#, ... 49 (s is the 
dimension of the space of automorphic forms) be the eigenvalues of 
the Hecke operators $, on these subspaces. 

CONJECTURE 2 (Peterson). For all prime numbers p, with the 
possible exception of finitely many, the following estimate holds for the 
eigenvalues of the Hecke operators S: 


[A], <2Vp, k=1,...,5. 


Here we establish a connection between the Conjectures 1 and 
2: Conjecture 1, for the special case when T,(g,,) is the represen- 
tation of the discrete series with the index n, is equivalent to the 
Peterson conjecture for the space of automorphic forms of weight z. 

For this purpose we set up a correspondence between the 
irreducible representations T(g) of G4 belonging to the discrete 
spectrum of Z,(Gg \ G4) and automorphic forms. 

Suppose then that 


T(g) = Tollo) ® Talgo) ® see © T,,(8>) ® see 


is an irreducible representation of G, belonging to the discrete 
spectrum of L,(Gg \ G4) and that H € L,(Gg \ G4) is the subspace 
in which this representation acts. We also assume that 7',(g.) is 
the representation of the discrete series with the index z. 

First, we deal with the case when all the representations 
T2(g2), ---, T,(g,), «+ are of class 1, that is, each of them is a 
representation of the fundamental or supplementary scrics. 

We consider the projection operator 


l Py = {ro du, 
yi 


where the integral is taken over the subgroup U'” of adeles of the 
form (l, tim -up -+-), Up E Up, the subgroup of integral p-adic 
matrices. The operator p, projects H = L(Go \ G4) into a subspace 
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HY c L%(Gog\G,4) (for the notation see §4 Appendix 2.1). 
Under the isomorphism 

Ly (Gg \ Ga) = LT: \ Go) 
H” corresponds to a subspace H c L,(T, \ Go) 

It is not difficult to verify that H™ is an invariant irreducible 
subspace of L(I, \Go), regarded as a module over the ring 
S(G,) ® S,(Gg), where S,(Gg) is the ring of functions on Gg that 
are constant on the double cosets of T, \Gg/T,. Here the represen- 
tation of G,, acting in H\” belongs to the discrete series and has the 
index z. 

By the duality theorem, H) is associated with a one-dimensional 
subspace of automorphic forms. This subspace of automorphic 
forms has the following properties, the verification of which is left 
to the reader: 

1. It is invariant under the Hecke operators S,; 

2. The eigenvalues of the operators $, on this subspace are 
expressed by the following formula: 


Àp = YpP(Yo)s (2) 


where », is the number of cosets T,y contained in the given double 
1 0 

coset liy, L i Yp = b } and ¢,(g,) is the elementary spherical 
b 


function corresponding to the representation 7;,(g,). 
On the basis of (2) it is not hard to obtain an explicit expression 
for 2,. First of all we note that v», is equal to the index 


vy = PT” 
of the subgroup T® = y,Tyy5! AT, in r,t The subgroup I”? 
a b 
consists of all the integral matrices g = ( in which ¢ is a 
c 


multiple of p. Consequently, (Chapter 1, Appendix, p. 114), 
vy, =l +p. 


On the other hand, by a simple calculation, similar to that in 
Chapter 2, § 3.10 for the unimodular group, we find 





p(y) = pt (p” + po) = z vp cosh (s, In p), 


where s is the “index” of T,(g,), that is, an imaginary number for a 
representation of the fundamental series and a real number in the 


+ There is a one-to-one correspondence yI” = yy, I, between the cosets of 
1,/f@ and the cosets of G/T, that belong to the double coset Tiy li 
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interval —1 <s <1 for a representation of the supplementary 
series. 

Hence, the eigenvalue of a Hecke operator on a one-dimen- 
sional subspace of automorphic forms is expressed by the following 
formula: 


2, = 2Vp cosh (s, In f). (3) 
In this way we associate with every irreducible representation 
T(g) = Tolgo) © T2(82) SQ: @ T,(8») (C 


of G; that belongs to the discrete part of the spectrum of L(G o \ g4)» 
where T.,(g,,) is the representation of the discrete series with the 
index n and T,(g.),..-, Tp(g,), -.. are representations of class 1, a 
one-dimensional] space of automorphic forms of weight n relative to 
the modular group IT',. This space is invariant under the Hecke 
operators S,, and the eigenvalues A, of the operators S, are expressed 
by (3) in terms of the index s, of the representation 7;,(g,). 

By carrying out our construction in the opposite order we can 
construct, for a given one-dimensional subspace of automorphic 
forms that is invariant under the Hecke operators, an irreducible 
representation T'(g) = Tolga) ® Tolga) O O Ty(g,) @° of 
G, belonging to the discrete spectrum of L,(Gg\G,), where 
T,(g~) is the representation of the discrete series with the index n, 
and 7,(gs),..., T (£p) are representations of class 1. 

A similar construction holds for a representation 


T(g) = Tolga) ® Talg) Q O T) @---, 


where some of the T,(g,) are not of class 1. In this case we can 
always find an m such that in the representation space of T (g) there 
exists a vector that is invariant under the operators T (u), u e U™. 
(The definition of the subgroups U'™ is on p. 352.) 

By repeating the preceding construction, we can associate with 
this representation an automorphic form relative to T, that is an 
eigenfunction of the Hecke operators S,, where p ranges over the set 
of prime numbers not dividing m. Here the eigenvalues of the 
operators S, corresponding to this form are expressed, as before, by 
(3). Conversely, if such an automorphic form is given, then we can 
use it to construct a unique irreducible representation of G, that 
belongs to the discrete spectrum of L,(Gg\G,4) and contains a 
vector invariant under U'™), 

From the correspondence we have established between the 
representation T(g) and the automorphic forms, and from the 
formulae (3) for the cigenvalucs of the Hecke operators, it follows 
immediately that the Peterson conjecture and the special case of 
conjecture l are equivalent. To see this, we nced only observe that 
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by (3) the inequality 7 
|A] < 2Vp (4) 


holds if and only if the “index” s of the representation T,(g,) is an 
imaginary number, that is, that the representation belongs to the 
fundamental serics. 

Thus, the Peterson conjecture that (4) holds for all primes f, 
except finitely many, is equivalent to the assertion that in the 
corresponding representation 


T(g) = Tolfa) © Tlg) ®t O Ty (gp) O 


of G, all representations T,,(g,), except finitely many, belong to the 
fundamental series. 
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1. Reductive Algebraic Groups. Let G be a linear algebraic 
group defined over the field of rational numbcrs Q. The group G 
is called reductive if it contains no nontrivial unipotent normal 
subgroups that are connected as algebraic varieties. + 

If G contains no nontrivial connected solvable normal sub- 
groups, then it is called semisimple. Every reductive group is a 
direct product of a semisimple group and a certain torus, that is, a 
commutative group of matrices reducible to diagonal form over the 
field of complex numbers. 

We quote without proofs some fundamental properties of 
reductive groups. For a detailed treatment of these questions we 
refer the reader to the papers [3, 5, 7]. 

We denote by Z a maximal connected unipotent subgroup of G 
defined over Q. Note that all the maximal unipotent subgroups are 
conjugate. 

Let G’ denote the normalizer of Z, that is, the set of clements g’ 
for which Zg’ = g’Z. Obviously, G’ is an algebraic subgroup of G 
also defined over Q. 

Clearly, Z is a maximal connected unipotent normal subgroup 
of G’. Hence, it follows that G’ can be represented as a semidirect 
product 

Œ = DZ. (1) 
where D is a reductive group. Here all the elements of D arc semi- 
simple, that is, reducible to diagonal form. 

We denote by N the normalizer of D. It can be shown that the 
factor group 

S = No[D¢ (2) 


+ A group of matrices is called unipotent if all the eigenvalues of the matrices are |. 
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is always finite. This is called the Weyl group. Every element s of 
the Weyl group determines an automorphism of D: 


ô — s—1 ds. 


It can be shown that the following decomposition holds: 


In some papers (3) is called the generalized Bruhat Lemma. 

This decomposition for the classical complex groups was 
obtained by Gel’fand and Naimark who first established the funda- 
mental role of this decomposition in the theory of representations. 
The decomposition became more widely known after Harish-Chandra 
also proved (3) for real semisimple groups. More general investiga- 
tions on this problem were made by Tits and Borel. 

Now let T be a maximal torus splitting over Q in D. It is easy 
to verify that T lies in the center of D and that the Weyl group $ 
carries the torus into itself. 

Let © be the Lie algebra of g, and I the Lie algebra of T. 
With every ¢ e T we associate the linear transformation ad ¢ in the 
space ©: ad ż:g — [ż, g], the adjoint representation of T. 

The algebra © may be represented as a direct sum 


6=>d6, (4) 


of subspaces ©, on which the operators ad ¢ are multiples of the unit 
operator, that is, 


lt, Ga] = a(i) 9a 


for every t € T and every g, € G,. Here the a(t) are linear functions 
on T. 

The subspace 6, corresponding to a(t) = 0 is the Lie algebra 
of D. This subspace can be represented as a sum 


G =7T+Y, 


where € is the complement of Tin Gp. Thus, the decomposition (4) 
can be written in the following form: 


G6=1+C+46,. (5) 
a#0 


We note that the operators ad go, 9o E Go, also carry each space 
G, into itself. 

The nontrivial lincar functions a(t) arising in (4) are usually 
called roots. We denote the set of all roots by %. 

Let E denote the space of all linear functions defined over Q. 
Clearly, the Weyl group S acts in a natural way in E. 
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If G is a semisimple group, then the following propositions hold: 

1. In E there is a scalar product (€, n) that is invariant under the 
Weyl group S. 

2. Among the vectors È there are precisely n linearly independent ones, 
where n is the dimension of E. 

3. For any two roots, a, B € X the quotient 


2(a, B) 


Ea (a, a) 
1s an integer. 

4. The system X is invariant under the maps corresponding to the 
roots a € X, that is, the transformations 


_ (a B) 


(a, æ) 


p >P 


We introduce a lexicographic ordering in E. First, we take an 
arbitrary system of coordinates in E and say that « > £ if the first 
nonzero coordinate of the vector a — $ is positive. 

We call a root « positive if « > 0 and negative if « < 0. Thus, 
the set of all roots splits into positive and negative roots. We call a 
positive root simple if it cannot be represented as the sum of two 
positive roots. Then the following propositions hold: 

5. The simple roots are linearly independent and their number is the 
dimension of E. 

6. Every positive root is the sum of simple roots. 

7. The maps corresponding to simple roots generate the whole Weyl 
group. 

8. The subalgebra 3 = > G,, where the sum is taken over all 


a>0 
positive roots, is a maximal nilpotent subalgebra of G. 


We call a reductive group G splitting if the dimensions of 
maximal tori in G that split over Q and over C are the same. 


2. The Space L,(DgZ4\ G4). Let G be an algebraic reductive 
group defined over the field Q of rational numbers. We denote by 
Z a maximal unipotent subgroup of it and by G’ the normalizer of Z 
in G. As we mentioned in § 5.1, this normalizer decomposes into 
the semidirect product G’ = DZ of the normal subgroup Z and a 
reductive subgroup D, whose elements are all semisimple. 

In this subsection we arrive at the decomposition into irreducible 
representations of a representation of G4 generated by 


Q = DoZa \ Ca, 


that is, in L,(Q). The case when G4 is the group of matrices of order 
2 over A was discussed in § 4. 
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A similar problem was solved in Chapter 1. There we found 
the decomposition of the representation of the group G,, of real 
matrices generated by the space Z,, \G,,. The subgroup of diagonal 
matrices played a fundamental role. For we established a one-to-one 
correspondence between the characters, that is, the one-dimensional 
representations, of the subgroup of diagonal matrices and the 
irreducible representations of G,, occurring in L,(Z,, \ Go). 

We shall sce that in our case the situation is similar. The 
fundamental role in the decomposition of a representation G4 in 
L,(Q) is played by the group Dy, which is analogous to the group 
of diagonal matrices. 

To begin with we consider the problem of decomposing the 
representation of D 4 generated by Dg \ D4 into irreducible represen- 
tations. This representation acts in the space H = L,(Dg \ Da) of 
functions f (ô), ô e D 4, satisfying the following conditions: 

1. f(695) =J (ô) for every dg € Dg; 


2. f ata < o. 


De\Da . . 
The representation operators T (ô) are translation operators: 


T (ôo) f (ô) = f (ôo). 


Let K be the center of D. We consider the characters 7(k) 
on K, that are identically equal to unity on Ky. With every 
character 7(k) we associate the space H, of functions /,(6) satisfying 
the following conditions: 


1. felg) = f, (ô) for every bg € Dg; 
2. f,(k6) = a(k) f,(6) for every ke Ky; 


3. Vf, WF = f Weta aa < oo. 


, Da\DelKa a. . 
It is not hard to see that H = L,(Dg \ D4) splits into the continuous 
direct sum of the spaces H,: 


H = | H, dr. (1) 


u 


This decomposition is realized by the following formulae: 
FC) = f A) ae (2) 


Ifl? = f If. lÈ d7, (3) 


where the integration is taken with respect to the invariant measure 
dz on the group of characters m. Here the component f, of the 
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function f € H in A, is given by the following formula: 


fold) = È ESE) dk. (4) 


KgiKa 


It remains to decompose each of the spaces H, into irreducible 
subspaces. 

From the fact that all the elements of D are semisimple it 
follows that the space Dg\D4/K4 is compact (see § 6.1). It 
follows, as we shall show later in § 6.2, that H splits into the direct 
sum of a countable number of invariant irreducible subspaces Hi”: 


H, = > AY, (5) 


In what follows we assume that the decomposition of 
H = L,(Dg \ D4) into the direct sum of the spaces H{” (formulae 
(1) and (5)) is known to us. 

We show that this decomposition induces a decomposition of 
the space H = L,(DgZ4\G,4) into a direct sum of invariant 
subspaces 


AOA -[A, dx; H, => A”. 


As a preliminary, we introduce a convenient realization of A. 
We examine the homogeneous space Y = Z4 \ Ga- Note that if we 
multiply each coset y = Zag on the left by an element ô € Dy, it 
goes over into another coset, which we denote by 6g. Thus, the 
elements 6 €e D4 give transformations in Y 


Jy > Ò, 


which we call left translations. 
Clearly, left translations commute with the transformations of 
Ga, that is, 
ô( yg) = (ôy)g. 


In terms of left translations H = L,(DọZa\Ga) can be 
defined as the space of the functions f(y) on Y = Z4 \ G1 that 
satisfy the following conditions: 


1. f(g I) =f (y) for every 6g E€ Dg; 
2. f= [UPd <x. 


DAY 

Now we introduce a measure in Da\ Y. Let dy be an invariant 
measure on Y relative to the transformations of Ga. Then 
d,y = d (ôy) is also an invariant measure on Y for every ôe Dy, 
hence, proportional to dy. We denote the factor of proportionality 
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by 8(6). Thus, we have by definition 


d(dy) = (ô) dy. (6) 
From the definition it follows that the function £(6) is a 
character on D 4, that is 


B(8,52) = B(9,)B(d2) for any ôr, 6, € Dy. 

Note that £(6g) = 1 for every 69 € Dg. 

On y we give a nonnegative function p(y) satisfying the 
following conditions: 

l. The functions p(y) and p-}(y) are measurable and 
summable on every compact subset. 

2. p(dy) = B(6)p(y) for every 6 € Dy. 

It is not hard to verify that such functions p(_y) always exist. 

We give a measure dy in D, \ Y by means of the following 
integral relation: 


frorog=[ | roa, (7 
De\Da Da\¥ Dg\Da 

where f(y) is any function summable on Y and satisfying the 
condition f(697) =f(.») for every dg E€ Dg. 


From the relation (7) it follows immediately that under the group translation 
J -> Jg in D4 \ Y the measure dý transforms according to the following formula: 


~. PUD] ~ 
d(yg) = eer | dy (8) 


‘Thus, dy is not, in general, an invariant, but only a quasi-invariant measure 
(an invariant measure in Y need not even exist). 


From the integral relation (7) we derive the following expression 
for the norm {f(y of fin A: 


Wf it = f ll IFC)? BCPC) dò d. (9) 
It follows that 47 nen 


SIENIE BS) ab < o 


for almost all y e Y. Moreover, since 


f(5q 6x) = f (ôy) for every ôg € Dg, 
we have shown that 6%(6) f (ôy), regarded as a function of ô, belongs 
to the space H = L,(Dg \ Dy). 
Once we are given the decomposition of H into irreducible 
subspaces H‘’, it is easy to derive the decomposition of 


H = L,(DgZq4\ Ga). 
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We denote by H™ the space of functions f ( y), y € Y, that satisfy the 
following conditions: 

l. J (ôa) = f(y) for every ô, € Dg. 

2. B'*(d) f(y), regarded as a function of ôe D4, belongs to 
H!” for almost all y. 


3. f  B4(8) f(8y)!? m( y) dy <œ, where || ||, denotes the 
D,\¥ 
norm in H,. 
A representation of G4 acts in a natural manner in Hi”, We 
say that it is induced by the representation of D4 in Hi”. 
From (9) it follows immediately that H = L,(DgZ,4 \ Ga) 
splits into the spaces [,(n): 


A -{4, where A, = > A”. 


Here the component f(y) of the vector f(y) € A is defined 
as follows. Let f{™ (ô, y) be the component in H£ of the function 
B’4(6) f (ôy), regarded as a function of 6 for fixed y. Then 


FOO = Fr (L 9). 


Now we must ascertain which representations AH are 
equivalent. 

First of all, we observe that the representations in H‘”) and 
A are inequivalent when 7, # ma} This follows from the fact that 
the representation operators corresponding to elements k € K4 are 
given in /7‘”) by the following formula: 


TKS = ak). 


Thus, it is obvious that for distinct 7 even the representations of the 
subgroup K4 in the spaces H‘” are inequivalent. 

Hence, it suffices to find the condition of equivalence of 
representations in the spaces A‘? and A‘. We begin by introduc- 
ing the concept of a representation in general position. 

We consider the Weyl group S of G. Every element s € $ is an 
automorphism 

ô — 6° 


of D4. Clearly, if 7(ô) is some representation of D4, then 
7*(8) = 7(84) 


is also a representation of Dy. 

We say that an irreducible representation 7(6) of D4 is in 
general position if the representations r°’(ô), seS, are pairwise 
inequivalent. We also say that a representation T,(g) of G4 is in 


368 REPRESENTATIONS OF ADELE GROUPS 


general position if it is induced by an irreducible representation 
7(6) of D4 in general position. 

For reductive groups that split over Q the following two 
propositions hold: 

l. Representations of G4 in general position are irreducible. 

2. Two representations in general position in the spaces AY»? and AGa 
induced, respectively, by representations 7,(6) and 7,(6) of D 4, are equivalent 
if and only if 

Ti = T3 
for some element s € $. 


We do not prove these propositions here. The proof is close to 
standard arguments in representation theory; sce Gel’fand and 
Naimark [29], and especially Bruhat [10, 11, 12]. 

From Proposition 2 it follows immediately that each represen- 
tation T,(g) in general position occurs in L,(DgZ4\G,) with 
multiplicity equal to the order of the Weyl group S. 


3. The Operators B.. Again, let G be a reductive group 
defined over Q, Z a maximal unipotent subgroup of it, D a reductive 
subgroup of G such that DZ is the normalizer of Z, N the normalizer 
of D. 

We introduce two important subgroups Z” and Z” of Z, 
corresponding to every fixed element n € Ng. 

Let 3 be the Lie algebra of Z, that is, 

3= 26, (1) 
a>0 
where the summation is taken over the set of all positive roots. For 
every n € Ng we set 


B= YG (2) 
3 = 5 6. (3) 


where a” denotes the result of applying the clement n of Ng to the 
root æ, that is, «"(t) = a(t”), te T. The first sum is taken over the 
set of roots « > 0 for which «” > 0 and the second over the set of 
roots « <0 for which «" <0. In particular, if nEeD, then 
3" = 3, 37 =0. Obviously, 3” and 3" are disjoint subalgebras 
of 3, and 7 

3= 3" + 3% (4) 


We denote by Ž” and Z” the subgroups of Z corresponding, 
respectively, to 3" and 3". In particular, for ne D we have 
Žr = Z, Z" =l. 
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From (4) it follows that 
Z = ZZ". 
For every element z of Z has a unique representation as a product 


. z = 2"2", 
where 2" e Z”, z" e Z”. 7 
It is not hard to verify that Z” can be defined directly, without 
recourse to the Lie algebra, by the following formula: 


Z” = Z AnZo: 


We note that the set of the subgroups Ž” is the same as that of 
the Z”. For the Weyl group is known to contain an element sọ 
carrying all the positive roots into negative ones. Clearly, the 
condition a” < 0 is equivalent to «"*% > 0. Consequently, 


zZ’ = Zns0, 


We denote by Gy, Z4 and so forth, the group of adeles of G, Z, 
and so forth, and by Gg, Zọ and so forth the subgroups of principal 
adeles. 

With every n € Ng we associate the operator B „in the space of 
functions on Q = DgZ,\G,4 that is defined by the following 
formula: 


BS) = | Aloze) dz. (5) 
ZA 
Here y, denotes the point of © corresponding to the unit coset of 
DgZ,; the integration is taken with respect to the invariant measure 
on Z%. 
It is not hard to verify that the integral necessarily converges 
if f(y) is a finite function on Q. 
We call the B, Weyl operators in the space of functions Q. 
From the definition it follows immediately that 


Bio = B, for every 6€Dg 


Thus, the operators B, give, in fact, the elements of the Weyl 
group S = Ng/Dg. Therefore, in what follows we often write B, 
instead of B,, where s stands for an element of the Wey! group. 

We show that the function 


Ale) = BaF (2) 
is constant on the coset Dg Z4G a that is, 
fil6zg) =filg) for any ôe Dog, ze Zy. (6) 


Thus, it can be regarded as a function on Q. 
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Proof. As a preliminary we show that 
dz" = d(6-1z48) for every ô € Dg. (7) 


For when we denote by (6) the determinant of the transforma- 
tion 
z — 6-126, where ô E€ Dog, Z E Zo» 


then y(ô) is clearly a character of Dg with values in Q*. As we 
know from § 1, 
dz” = dz, dzłž ++ dz% +: 


where dz? is the invariant measure on Z%. Since under the trans- 
formation z? > 6 1226 the measure dz? is multiplied by |y7(6)],, 
under the map z% ~—» 6-1z26 the measure dz% is multiplied by 
TI iz(ô)l, = {x(6)| = 1 because x(6) is a principal idele. 

Pp 


From (7) it follows at once that 


Aa) = | Siaz bg) dz 
= | Fl vole? bn)nmtz9) dz 


= | f(vort2ze) dz. 


v 
2, 


Here we use the fact that n~! ôn e Dg; hence, y(n? ôn) = Yo- 
So we have shown that 


fg) =fi(g) for every 6 € Do. 


Now we show that 
Silzog) =filg) 


for every Z € Z4. We split the element z, into the product 
Zo = Zaz 
where żę € Zt, z? e Z3. Then we have 
fulzos) = | Alola Zinn tzie) dz 
ZA 
Note that n-1Z2n € Z4; hence, yo(n-!Z9n) = Yo Consequently, 


Flza) = f fl vor tepze) de = | foo tz8) dz = file) 
Zn 2% 
Here we have used the invariance of the measure dz. The relation 
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(6) is now completely proved, and we have shown that 


Ale) = Baf (9) 


is a function on Q = DgZ,\ Gy. 


So we have established that the Weyl operators B,, defined by 
the formula 


BaS() = | f(s0*28) dz, (8) 
Zh 
carry functions on Q = DgZ, \ G4 into functions on Q. 
We cmphasize that so far the formula defines B, only on 


differentiable functions in Q that are finite or decrease sufficiently 
fast. 


4. Properties of the Operators B,. First we mention two 
important properties of the operators B, that follow immediately 
from the definition: 

1. The operators B, commute with the representation operators. 

2. The operator B, carries every irreducible representation 
T,(g) induced by a representation 7(ô) of D4 into a representation 
T,.(g) equivalent to it. 

Furthermore, it is obvious that 


B, = E, (1) 


where | is the unit element of the Weyl group. 

Now we introduce a partial order in the set of clements of the 
Weyl group S. We say that sı < s, if for every root « it follows 
from « > 0 and a® > 0 that «a > 0. 

We show that if s1 < 5,59, then 

Bau = B Boy (2) 


81 82 


Proof. By the definition of the operators B, we have 


BB. f() = | | foertesrten) dz” das 


ZLB 
= | ffoolas)zrs2n) deraz 03 
zaz 
Thus, if we can show that 


(5,Z%571) A Z =: E (4) 
and 
(s Zz) Z% = Ze, (5) 
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then, by applying Fubini’s theorem to the integral (3), we find 


B, Be f(D) = (Fol sase)-22"*) dz": = By sJ (2). 


v 
zre 


Hence, it is sufficient to prove the relations (4) and (5). 

We denote by IJ, the set of roots « belonging to Z*, that is, 
those for which « > 0 and «* > 0. Then (4) and (5) are equivalent 
to the following conditions: 

(I)i ^I =g; (11,,)%" UT, = Ms (6) 
Here (I,,)%" denotes the set of roots of the form «ʻi, where 
a €(II,.) Let us prove these relations. 

First, we show that (IT,,)%' OH, = ¢ for any sy sa In fact, 
if a e (f1,,)%' O H, then this means that « > 0, «* < 0 and at the 
same time at > 0, «** < 0, which is impossible. 

Now we show that IL, © (0,7 U I, for arbitrary s,, se In 
fact, let « e lL, s, that is, « > 0 and «<0. Then either «^ < 0 
or a° > 0. In the first case a eT, ; in the second case a“ e Ti, ; 
and therefore, « €e (II,,)%1" 

It remains to show that I], s < (M) ¢ IM, if sı < s182 For 
if a e If, , that is, « > 0 and «° < 0, then by the condition 5, < S15% 
we have «* <0; hence, a eIl, s But if «e (I)i, that is, 
a > 0, a5 < 0, then by virtue of the condition s} < 5,5, we must 
have « >0 or we would have —«>0, (—a«)"# >0. But 
(—a) <0); consequently, « € Il, st 

So the relation (3) for the operators B, is proved. 

We denote by s, the element of the Weyl group corresponding 
to the reflection relative to the simple root «. 

We show that every element s of the Weyl group has a 
decomposition 

S = Sasa tS 


a ay? 


such that 


B, = B, Boa,’ B 


. 
saz Say” 


We prove this by induction on the number of positive roots 
that are carried by s into negative roots. Observe that if s preserves 
the signs of all the roots, then s = 1. 

Suppose that s changes the sign of precisely k positive roots. 
Then, among these k positive roots there must be at least one simple 
root æ, It is not hard to see that s, <s.{ Therefore, by the 


+ We use the fact that (—a)* = —a’. 
+ This follows immediately from the fact that sg, changes the sign only of the root 
a, and of its multiples. 
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relation already proved we have 


B, =B B,. 


Say 

The element s's changes the sign of fewer than k positive roots, 
namely, of k — n roots, where n = 2 if 2a, is a root and n = 1 
otherwise. Consequently, by the inductive hypothesis, there exists a 
decomposition sys = 5,,°"*5,, for which Beas = By Baye 
But then we have B, = B 


say sag’ Bog, 28 required. 

5. Main Theorem on the Operators B.. In this subscction we 
state the main theorem on the operators B, We assume further 
that G is a reductive group splitting over Q. (lor the definition of a 
splitting group see p. 363.) 

The main theorem states: S 

1. There exist unitary operators B, in La(DoZa\ Ca) that form a 
representation of the Weyl group and coincide with the operators B, on a set 
® of finite functions, everywhere dense in L,(Q). Here the set Ọ is invariant 
under the operators B,. B 

This thcorem is a generalization of the relation B? = 1, which 
was proved in § 4. 

In this subsection we reduce the proof of the theorem for an 
arbitrary reductive group G to the proof of the following proposition, 

2. There exist unitary operators B, in L,(DgZ,\G4), where s, is 
the reflection relative to the simple root x, that satisfy the relation BÈ = | 
and coincide with the operators B, on a set ® of finite functions everywhere 
dense in L,(Q). Here © can be chosen so that it is invariant under all B, . 

Lemma. Jf 2 holds, then so does 1. 

The converse proposition is trivial. 

Proof. As we have shown in § 5.4, every s e $ has a decom- 

position 


S =SqSa,° Sap (1) 
such that 
B, = B,,, tee Boa (2) 
We set E _ 7 
B, = By Boa (3) 


Clearly, the operators B, so defined are unitary in L,(X) and 
coincide with the B, on ®, if ® is chosen so that it is invariant under 
Bax E 

It remains to show that the so-defined operators B, form a 
representation of the Weyl group. With this aim we make usc of the 
following property of the Weyl group. 


The elements s,, where « is a simple root, generate the Weyl group. A 
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complete system of relations between the elements s, has the following form: 
=l, (4) 


(ssp) = 1, (5) 
where k = 2, 3, 4, 6, according as the angle between the vectors « and B is 
90°, 120°, 135° 150°. To prove that the B, form a representation 
of the Weyl group it is clearly sufficient to verify (5) for the corre- 
sponding operators B, acting on ®. In the subsequent arguments 


of this subsection we assume that the operators B, are restricted 
to ®. 


We investigate all possible cases separately. 
1. The angle between « and f is 90°. In this case k = 2, that 
is, we have to prove the relation 


(B Be)? = 1. 
Since BY, = Bi, = 1, this relation is equivalent to 
B, Buy = BBs (6) 
which we shall now establish. 

Note that 5,5, = 5,5, changes the sign of the roots « and f. 
Hence, it follows that s, < 545s, 5g < 554. Consequently, by the 
result obtained in § 5.4, we have 

Baas = B.B sg and Boa sp =: B sps = BB sys 
Hence B., Bsp = B,,B,,- 
2. The angle between « and f$ is 120°. In this case k = 3, that 
is, we have to prove the relation 
(Bo Bsp? = 1. 
Since BY, = BY, = 1, this relation is equivalent to 
B,,B Bs, = BB. .B sgs (7) 
which we shall now prove. 


It is not hard to check that s,5,5, carries the root into — 8B, 
that is, into a negative root. It follows that 5, < 545,54, therefore, 


B aspsy = BB sgsa 
It is easy to check that s,s, carries B into the negative root 


—a — B. Hence, Sp < s,5,, and therefore, 


B sgsa = Bog B se 
So we have shown that B,..5., = Bs,BB.,: By similar arguments 
we have Bs sgsa = Begsasp = Bag sal sg consequently, 


B, BiB, = BuyB.,Boy 


as required. 
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3. The angle between « and £ is 135°, In this case k = 4 and 
we have to show that (B,,B,,)* = 1. 
Since Bi, = Bi, = 1, this relation is cquivalent to 


B,,B gB s,B sg = BB .,B sgP sas (8) 


which we shall now demonstrate. 

In the case under discussion the lengths of the vectors « and 8 
are in the ratio V2 to 1 (to be definite we assume that « is the root 
of greater length). 

It is easy to verify that 5,5,5,5, carrics « into —a, hence, 
Sa <Sa5p5a5p3 SpSq5g carries Ê into ~-a — p, hence, sp < 5g545p; 
SS, Carries x into —« — 28, hence, s, < 5,5. Consequently, by the 
result in § 5.4, we have 

B = B,,B 


Sa SpSaSB 


= B,,B iB sgag = BegBagB ag op: 


Similarly, we can sce that s,5,5,5, carries f into —f, hence 
Sp <SpSq5p5as Sq5g5q Carries a into —a — 26, hence 5, < 54554; 
5p5q carries f into --x — B, hence Sy < s,s,. Consequently, by the 
result in § 5.4, we have 
B =B = B sgBsasgsa = B spb saBspsa = BBB spP se 


SqSBSaSB SBSaSpSa 


SBSqSf 


sasp 


So we have shown that 
B, BsgB sBs = BB 5B ap B se 


4. The angle between « and £ is 150°. In this case k = 6 and 

we have to show that 
(B,Bag)® = 1. 
Since BY, = Bi, = | this relation is equivalent to 
BB ogB sB sgB sP og = B ogB sB spb sB sp B oq (9) 

In the present case the lengths of the vectors « and £ are in the ratio 
V3 to 1. 

As in the preceding cases it is easy to verify on the basis of 
simple gcometric arguments that 

Ba < S5p5a5p5a5po Sp < SpSaSpSaSps Sa < SaS pS p Sp < SpSa5pr Sa < SaSp- 

Consequently, by the result in § 5.4 we have 


Bo spse SpSa5B = BB ogB saB spP sq? ag: 
Similarly, we have 
By spsaspsxsp = B agB sB sp B sgB spb sw 


and (9) follows immediately from this. The proof of the lemma is 
now complete. 
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6. Reduction to Rank 1. Here we show that the proof of 
Theorem 2 can be reduced to the case of groups of rank 1.+ 

Let G be an arbitrary reductive group, and © its Lie algebra. 
Throughout this subsection we use the notation introduced in 
§ 5.1. 

We denote by 73, where « is a simple root, the minimal sub- 
algebra of © generated by the root spaces G,, where f ranges over 
all positive roots and all the roots proportional to a. Next we denote 
by G* the minimal subalgebra of © generated by the root spaces 
©,, where f ranges over the roots proportional to a. 

Let *Z and G? be the groups corresponding to these subalgebras. 
By definition, G* is a simple algebraic group of rank 1. Therefore, 
its Weyl groups consists of two clements. 

Let Z* be a maximal unipotent subgroup of G*; obviously, the 
Lic algebra of Z* is generated by the roots spaces 6*, where f 
ranges over the positive roots that are multiples of «. We denote by 
B the Wcyl operator in the space DYZ% \ C% 

The object of this subsection is to prove that if Theorem 2 holds 
for the operator B in the space L,(D%Z% \ G3), then it also holds for the 
operator B, in the space L,(DgZ,\ G4). 

To begin with we prove that Z,\G, is a fiber space whose 
base is the space *Z,, \ Ga, while the fiber is the space Z3 \ G3. 

For since Z4 > Z4, there is a natural map 


Za \Ga > Za \CGa 


by which Z4 \G, is equipped with the structure of a fiber space 
with the base *Z,\G, and the fiber Z,\7Z,. It remains to 
establish the isomorphism 


Z4\*Zy x £4 \ GY. 


We denote by Z* the subgroup of Z complementary to Z’, that is, 
the subgroup whose algebra is generated by the root spaces tg, 
where $ ranges over all positive roots that are not multiples of «. 
The group Z, splits into the semidirect product 


Za = 24,24. (1) 


On the other hand, from the definition of *Z,, it follows that it also 
splits to a semidirect product 


Z, = Z1G. (2) 
From (1) and (2) it follows immediately that 
Z4\*Z4% Z4 \ C4. 


t The rank of a group is the number of its simple roots. 
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We now observe that in the formula for the operator B,: 


Buo) = | ol orate) de (3) 
Z\Z4 


the integration is taken over the set of points ys,'z7g that belong to 
the same fiber of the fiber space Z,\G, as y itself. For since 
S, E€ "Za, under the map G, > *Z, \ G, the set _yos;'Z%g goes into a 
single point, the same into which y = yog goes. 

We assume that the function g(y) is concentrated in a 
sufficiently small domain. Then we can introduce a local system of 
coordinates (u, v) in this domain, where v gives a point of the base 
*Z,\G,, and ua point of the fiber Z3 \ C% 

From the remark above it follows that B, acts on (y) = (u, v), 
as if it were a function of the variable u € Z%, \ G3, only. 

Also, B, can be expressed in terms of the operator of horo- 
spherical automorphism B, acting in the space of functions 9(u). 
Specifically, 


Bu p(u, v) = Bolu, v). 


Consequently, if it is proved that B? = 1 on an everywhere dense set 
®, of functions on Z% \ G% invariant relative to D%, then it follows 
that B?, = 1 on the set ©, of all functions on Z4\G, which as 
functions on the fibers belong to ®,. It is not hard to verify that the 
intersection over all « of the so-defined sets ®, contains the set ® of 
functions invariant relative to Dg, which is everywhere dense in 
L,(DgZ,4\ Ga). So we have shown that the verification of Theorem 
2 reduces to the discussion of groups of rank 1. 

Hence the proof of Theorem 1 for a reductive group G reduces 
to the proof of Theorem 2 for its semisimple subgroups of rank 1. 

Using this reduction we can prove Theorem 1 for a wide class 
of reductive groups. The problem whether or not Theorem 1 is 
true for all reductive groups awaits solution. 

Theorem 1 is true for any reductive group G splitting over Q. 

(The definition of a splitting group was given on p. 363.) 

For let G* be the subgroup defined on p. 376. It is not hard to 
check that in this case G* is a group of unimodular matrices of order 
2 over Q. Thus, the proof of Theorem 1 for G reduces to that of 2 
for the group of unimodular matrices of order 2 over Q. But for the 
group of unimodular matrices of order 2 over Q this Theorem 2 was 
already proved in § 4. 

So the main theorem is proved for all splitting reductive groups. 
For arbitrary reductive groups over Q, it reduces to groups of 
rank 1. 
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§6. THE REPRESENTATIONS GENERATED BY THE 
HOMOGENEOUS SPACE Go\G, 


1. The Homogeneous Space Gy\G,. Let G be a linear 
algebraic group defined over Q, G4 its group of adcles, and Gg the 
group of principal adeles. 

Gg is a discrete subgroup of G,. The proof of this proposition 
is exactly the same as in the case of unimodular matrices of order 2 
(see § 4). 

We examine the space X = Gg\G,. Since Gg is a discrete 
group, the space X is locally isomorphic to G4. Consequently, the 
right-invariant measure on G, induces a measure on the base 
X = Gg \G, that is invariant under the translation of G 4. 

The following fundamental theorem of Borel [6] tells us when 
the measure of the space X is finite. 

THEOREM l. The measure of the space X is finite if and only if G 
contains no nontrivial characters defined over Q, that is, morphisms of G 
into Q. 

For example, the factor space of the group of ideles by the 
principal ideles has infinite measure, but the factor space of the group 
of adeles by the principal adeles has finite measure. 

From Theorem 1 it also follows that if G is a semisimple or 
unipotent group, then the factor space X = Go \ Ga has finite measure. 
Now we mention that on G,, and consequently also on X, there is a 
canonical way of normalizing the measure.f Following Weil, we 
call the so determined number for the measure of the space X the 
Tamagawa number of G. It is a very interesting arithmetic 
characteristic of G. 

The main object of study in the present section is the represen- 
tation generated by the homogeneous space X = Go \ Ga The 
structure of the decomposition of this space into irreducible sub- 
spaces is closely connected with arithmetical properties of G. At the 
present time the complete description of the decomposition of this 
representation into irreducible subspaces is not known. There is good 
reason to hope that once it has been found, it will shed light on many 
number-theoretic problems (sce, for example, § 4 Appendix II). 


t This method simply consists in the following. Let œ be the differential form 
defining the measure on G. As is well known, it may be assumed that it is defined over Q, 
and so has the form 9(x,,..-,%m) dx, A‘*+Adxm, where x1, ..., Xm are local co- 
ordinates, and @ is a rational function with coefficients in Q. This form is uniquely 
determined to within multiplication by a rational number. The w form induces uniquely 
determined measures on the groups G,(f = œ, 2,...) and so, a certain measure on 
G,. This measure is uniquely determined, because if we take instead of w the form 
w = Àw, AE Q, then the measure is multiplied by a certain power of the norm |{A| of the 
idele 2. Since A € Q, we have |A| = 1 (see § 1). 


§6. THE HOMOGENEOUS SPACE G, | Go 379 


The present section essentially deals with the separation of the 
discrete part of the spectrum of the representation from the 
continuous part of the spectrum of maximal dimension. 

We now discuss the gencral situation when G has nontrivial 
characters defined over Q. Every character y of G induces a 
morphism y4 of G, into the group of ideles A*. We denote by G% 
the subgroup of all g € G4 such that the norm |xz4(g)| of the idele 
x4(g) is equal to 1 every character x of G. 

It is not hard to see that Gg © G. For if g e Go, then x,4(g) 
is a principal idele, and therefore |y4(g)| = 1 (see §1). The 
following theorem is due to Borel [6]. 

THEOREM 2. The factor space X° = Gyg\Gy\G has finite 
volume, 

In many important cases the space X° = Go \ GY, turns out to 
be compact. Necessary and sufficient conditions for the compactness 
of X° were proposed by Godement as a conjecture and have recently 
been proved by Borel and independently by Mostow and 
Tamagawa. 

THEOREM 3. The space X° = Gg \ GY ts compact if and only if 
all unipotent elements of Gg belong to its radical; in particular, if G is 
reductive, then X° is compact if and only if Gg has no unipotent elements. 

From Theorem 3 it follows that if G is unipotent, then 
X = Gg \ Ga is compact. For if G is unipotent, then X° = Go \ GY 
is compact by Theorem 3. Furthermore, if G is unipotent, then it 
has no nontrivial characters defined over Q, and hence GY = G4. 


2. Investigation of the Spectrum of the Representation for a 
Compact Space Gg\G,/K,4. In this subsection we discuss the 
simplest case when all the clements of Gg are semisimple. By 
Theorem 3 in § 6.1 the space X? = Gg \ C% is then compact. 

If G has no nontrivial characters defined over Q, then G®, = G4; 
consequently, X = Gg \ G4 is compact. Thercfore, the represen- 
tation in L,(X) splits into the direct sum of countably many 
irreducible representations (see Chapter I, § 2). 

We now study the general case when G has nontrivial characters. 

Let K be the center of G, K 4 and Kg the corresponding groups 
of adeles and principal adeles. We state without proof the following 
property of reductive groups: 

The subgroup G°,K 4 has finite index in G 4. 

From this property and the compactness of Gg \ G% it follows 
that the space of double cosets Gg \ G4/K4 is also compact. 

On the basis of this fact we split the space H into the direct 
integral of invariant spaces H,, each of which has a discrete spectrum. 

Let (k) be any unitary character on K4 that is identically 
equal to the unit element on Kg. We denote by H, the space of 
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functions f,(g) on G, that satisfy the following conditions: 


1. felek) = felg) r (k) for every ke Ky, 
2. f-(vg) = Jalg) for every y E Go, 


3. f Odi < o 
GalGalK 4 . 
H splits into the continuous direct sum of the spaces H, 
according to the following formulae: 


FO = | fale) a 


fisd = | f AO dg dr, 


Go\Ga Tl Ge\GelKa 


where f,(g) is the component of the vector f(g) € H in H, that is 
defined by the formula: 


fala) =f AN db 


Kalkq 


By the same method as in Chapter I, § 2, it can be shown that 
H, is itself a sum of countably many irreducible representations of 
Ga 


In fact, it can be shown the trace of the operator 


T, = [ODT de 


G4 


in H, is finite, where g is an arbitrary Schwartz-Bruhat function. 
Hence, it follows that for every irreducible unitary representation in 
the representation generated by Gg\G, the trace of T, is also 
finite, where g is a Schwartz-Bruhat function on G4. But, as was 
proved in § 3.5, if the trace of the operator T, of an irreducible 
representation of G, is finite, then this irreducible representation 
splits into the tensor product of irreducible representations T, of 
the groups G, and all but a finite number of the representations T, 
contain precisely onc linearly independent vector invariant under the 
group U, 

Thus, every irreducible representation of G, occurring in the 
decomposition of the representation generated by Gg\G4 is a 
tensor product of irreducible representations T, of the groups Gy} 
and all but a finite number of the representations T, have precisely 
one linearly independent vector invariant under the subgroup U, 
of integral p-adic matrices. 
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It is not known whether all irreducible representations of G4 
have this property. There is good reason to conjecture that the 
answer to this question is affirmative. 

Nor is it known whether this property holds for the irreducible 
representations of G4 that occur in the representation generated by 
the homogeneous space X = Gg\Gy4, in case Go\Ga/Ka is not 
compact. For those subspaces of L,(X) that are studied in the 
present section the answer is affirmative. 


3. The Space of Horospheres. Let G be an algebraic reductive 
group defined over Q and such that the space Gg\Gy4/K, is 
compact. 

According to Theorem 3 in § 6.1, in this case G has unipotent 
elements. We denote a maximal unipotent subgroup of G by Z. 
We define Aorospheres in the space X = Gg \ G4 as the images of the 
cosets Z,g under the natural mapt 


Thus, every horosphere in X is a set of points of the form 
Xz = Xo2Zg, 


where x, is the point in X corresponding to the unit coset of Gy, g is 
any fixed element in G,, and z ranges over the subgroup Z4. 
Obviously, this set is isomorphic to Zg\Z, and consequently, 
compact. 

Since translations from G, carry horospheres into horospheres, 
the set of horospheres is a homogeneous space of G 4, which we denote 
by Q. 

Let us find the stability subgroup of Q. 

Let G’ be the normalizer of Z in G. We know that G’ splits into 
the semidirect product 

CŒ = DZ 


of its normal subgroup Z and a certain reductive subgroup D. We 
recall that all the elements of D are semisimple. 

We show that the stability group of Q is DoZa 

Indeed, by arguments similar to those in § 4.3 it is not hard to 
verify that this stability subgroup is generated by the subgroups Z4 
and G, O Go- Since G4 = D4Za, we have Gy N Go = DgoZo. 
Clearly, the subgroup generated by Z4 and DgZg is DoZa- 

So we have shown that 


Q = DoZ4\ Gy. 


+ A more general definition of horosphcres will be given in § 7. 
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Apart from the homogeneous space Q we also introduce the 
homogeneous space 
Y = Z,\ G4. 
We call Q the space of horospheres, and Y the underlying 
affine space of the group Gy. 


4. The Horospherical Map and the Operator M. We consider 
the space L,(X), X = Go \ Ga With every function f(x)L,(x) we 
associate its integral over the horospheres: 


ole) = | Floze) dz, (1) 
ZZA 
where x, is the point in X corresponding to the unit coset. The 
correspondence 
I(x) > 9(8) 


is called the horospherical map. 

Obviously ¢(g) satisfies the following condition for any ô € Dy 
and z € Z4: 

(dzg) = (8). 

So we can regard it as a function in the space of horospheres 
Q = DoZ, \ G4 and write p(y), y € Q, instead of (8). 

Let H? be the kernel, and H’ the image of L,(X), under the 
horospherical map. We endow H’ with the structure of a Hilbert 
space, by setting 

H' = L,(X)/H°. 
The scalar product in H” is noted by [¥, ¥2]. 

By analogy with the case of the group of unimodular matrices 
of order 2, which was discussed in § 4, we introduce an operator M. 

Let p(y) be an arbitrary continuous finite function on Q. It 
gives rise to a functional in H’ according to the formula 


w 9) = SO &. (2) 
2 
As in § 4.10, it is easy to verify the following estimate: 


floc dy <c(K)[¢, 9], 
K 


where K is any compactum in Q and ¢(K) a constant. From this 
estimate, it follows immediately that (p, y) is a linear continuous 
functional in H’. Consequently, by Riesz’ theorem, 


Jo & = Le. My), (3) 


R 
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where My e H’, and brackets denote, of course, the scalar product 
in H’. 

We take (3) as the definition of the operator M, which therefore 
carries continuous finite functions on Q into functions in H’. 

The following properties of M can be established just as in 
§ 4.10. 


1. M commutes with the representation operators in Q, that is 


M ((yg)) = (M¢) (99). 


2. (Mo, ¢) = 0 for every finite continuous function ( y). 
3. The set of functions of the form M, where g ranges over the 
continuous finite functions on Q, is everywhere dense in H’. 


5. An Explicit Expression for the Operator M. Here we show 
that the operator M can be given by the following formula: 


M=} RB, (1) 


where B, is the Weyl operator defined in § 5.3, and the summation is 
taken over all elements of the Weyl group. 

The derivation of this formula proceeds just as that of the 
analogous formula in § 4.11 for the case of the group of the matrices 
of order 2. 

By exactly the same arguments as in § 4.11 we obtain the 
following expression for M: 


My) = | X v2) dz; (2) 


yEDQZgiG 
ZyiZa eleme 


In X’ precisely one representative is taken from every coset Do Zoy; 
g is an arbitrary element of the coset Do Zo \ G4 corresponding to y. 

Now we transform formula (2). For this purpose we choose in 
every coset DgZgy a canonical representative. Here we make use 
of the following fact. Let Ng be the normalizer of Dg in Gg. Then 
every element y € Gg can be written as a product 


y = znz’, (3) 
where n € Nọ, Z, Z’ € Zg. We choose one representative s in every 
coset of Nọ/Do. Then the decomposition (3) takes the form 

y = 2652’, (4) 


where z, z' € Zo; ôE Dh. Here the element s, that is, the coset of 
Ng/Dg, is uniquely determined by y. 
Hence, every coset of DgZg \ Gg contains an clement of the 
form sz, z € Zg, and s is uniquely determined once the coset is given. 
It is not hard to verify that the elements sz and sz’ belong to one 
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and the same coset DgZg\ Gg if and only if zz’-! € Zo, where 
Zo = sZ os A Zo. 

Hence, the expression (2) can be rewritten in the following 
form: 


My( y) = 2 Í ( È p(z zg) dz) 


8 teg’ 
Ze\Za” EZg\Ze 


=> f p( VosZg) dz. (5) 
PAZ 


In (5) we split the integration over ZQ \ Z4 into integration over 
Zy \ Z, where Zs, = s-'Z4 O Za, and integration over Z4 \ Za 
Hence, we find that 


f wowe dz = | | w(re2'ze) de dz. 
ZQ\Za 24\Z4 ZQ\Z4 


Since y(yos2'zg) = y( yoszg) for every z’Z*,, that is, the expression 
under the integral sign does not depend on z’, we have 


f p( VosZzg) dz = Í y(yoszg) dz = Bey, 


Zo \ Za Zg\Za 


where B,-: is the Weyl operator (see § 5.3). Thus, formula (5) 
takes the form 


My = (z B,)v, 
that is, M = > B, as required. 


6. Structure of the Space H’. In this subsection we investigate 
the structure of H’, by using the expression for M in terms of the 
operators B, obtained in § 6.5. We recall that H’ denotes the image 
of L,(X) under the horospherical map (see § 6.4). We also assume 
that the group G splits (see the definition on p. 363). Then the 
following Theorem | holds: in the space L.(DgZ,4\ G4) there exist 
unitary operators B, that form a representation of the Weyl group S and 
coincide with the operators B, on a certain set D of functions, everywhere 
dense in L..(DgZ4 \ G4) and invariant under the operators B,. 

We show that if the group G splits, then the space 


H, = L,(Q) 0H’ 


decomposes into the same irreducible representations as L,(Q.) but, in contrast 
to the latter, every irreducible representation occurs in the decomposition with 
multiplicity 1. 


§6. THE HOMOGENEOUS SPACE G, | Ge 385 


Proof. We denote by He the_closure in [,(Q) of the set of 
functions of the form Mg, M = È B, where ¢ € © (Q is defined in 
the statement of Theorem 1). It is not hard to check that H, 
coincides with the set of all fe Z,(Q) such that Bf =f for all 
ses. 

Now we observe as, was proved in § 5.2, that the multiplicity 
with which a given irreducible representation occurs in L,(Q) is 
equal to the order of the Weyl group. Morcover, the operators B, 
carry each irreducible representation into an equivalent represen- 
tation. 

We consider the sum H” of all irreducible subspaces contained 
in L,(Q) and equivalent to the given irreducible subspace. By what 
we have said, each of the operators B, carries H” into itself and is 
given in H" by a matrix whose order is cqual to the order of the 
Weyl group. These matrices form the regular representation of the 
Weyl group (under the condition that we only consider irreducible 
representations of G 4 in general position). 

Clearly, the unit representation of the Weyl group S acts in the 
space of the functions My, y € H'. Therefore, the question of the 
multiplicity with which a given irreducible representation occurs in 
H, reduces to the question of the multiplicity to which the unit 
representation of the finite group S occurs in the regular represen- 
tation of this group. It is well known that this multiplicity is 1. 
So we have shown that all irreducible representations of G 4 that are 
contained in Z,(Q) occur in Ho, and each only once. 

Now we show that H, € H’. As in the preceding subsection we 
denote by ( , ) the scalar product in L,(Q), and by [ , } the 
scalar product in H’. Let fe Hy; we show that fe H’. From the 
fact that f € H, it follows that there exists a sequence of functions 
Pn E ® such that 


(f — Moat — M Pn) — 0, (Pns Pn) <C. (1) 


From (1) it follows that 
[Mpa Mp] = (Men Pn) < Cr (2) 


Consequently, we can choose from the sequence Mg, a subsequence 
that is weakly convergent in the sense of H’ to a function fı € H’. 
Without loss of generality we may assume that the sequence 
Mọ, itself converges weakly to f;. Now we show that f +: f. We 
use the fact that f, and f are measurable functions, summable over 
every compactum in Q. Therefore, it is sufficient to show that 


(Fo P) = (J; p) (3) 


386 REPRESENTATIONS OF ADELE GROUPS 


for every finite continuous function gy. We have 


(fp p) = Th, Me] = lim [Mo,, Mo] 


= lim (M Pr g) = (f, p), (4) 
because 
(Mo, —f, Me, —f) >. 
So we have shown that 
H, € H’. 


Finally, we show that the intersection of the orthogonal 
complement H, to H, in L(Q) is trivial. For suppose that 
feH oL,(Q). From the fact that feH, it follows that 
[f, Mọ] = 0 for every function » € ®. Consequently, 


(f, ¢) =9 for every peð. (5) 


Since ® is everywhere dense in L,({), we see that fe L,(Q) implies 
that f = 0. 


From what we have shown it follows that Hy = LQ) A H’. 
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1. Horospheres in the Space X =GgQ\G,. Let Z be a 
maximal connected unipotent subgroup of the reductive group G, 
and T a maximal torus of G contained in the normalizer of Z and 
splitting over Q. We denote by 3 and T the Lie algebras of the 


groups Z and T. The space 3 can be represented as the sum of 
root spaces 3,: 


3= 232 
a 
where « is a linear form on T. 
Let a, ..., &, be the simple roots and II a subset of the set of 


simple roots. We denote by 3" the union of all the root spaces Ba 
corresponding to all positive roots « = È ¢,a, for which © cp > 0. 


ayer 

Clearly, 3" is a subalgebra of 3. 

We denote by Z" the subgroup corresponding to 3". We call 
Z", and also every subgroup conjugate to Z™ under an element of 
Go, a horospherical subgroup. 

For example, let G be the group of all nonsingular matrices of 
order n. It is not hard to show that every horospherical subgroup of 
G is conjugate to the subgroup of all block triangular matrices of the 
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following form: 


Er, , 
Er, * 
0 Er, 
Here E,, denotes the unit matrix of order k;; k; arc fixed natural 
numbers such that k, + ::-k, = n; arbitrary elements stand above 


the diagonal, and zeros below. 
The images of the cosets Z'Jg under the natural map 
Ga >X = Go \ Ga 
are called I-korospheres in X, or simple horospheres. Thus, every 
horosphere in X is a set of points of the form xẹz'ig, where xp is the 
point corresponding to the unit coset, g any fixed element in G4, 
and z! ranges over the subgroup ZÑ. 

Observe that I-horospheres are compact sets, because the set of 
points of a II-horosphere is homeomorphic to the factor space 
(Gg A ZY) \ ZG = ZG \ ZY. This factor space is compact, because 
Z! is unipotent (see § 6.1). 

From the definition it is obvious that the set of all [-horospheres 
for a given II is a homogeneous space of G4. Let us find the stability 
group of this space. 

First, we find the normalizer N! of Z! in G. We show 
presently that NT is a semidirect product of a reductive group G" 
and of the group Z". 

As we know (see § 5.1), the Lie algebra of G has the following 
form: 

G=I+C+) G,. 
By definition, 
3" = > Gis 
acl 
where a ranges over the set Ep of all positive roots « = > ¢y%; 
in which c, > 0 for at least one «, € II. 
Let us find the normalizer N" of the algebra 3". We denote by 


II the set of simple roots that do not belong to II. We show that 
N= T+ C+ FG, + 3", 
(T) 


where the sum is taken over all roots « that are linear combinations 
of roots in II. 
First of all, it is clear that T +- € < NT, because 
[T + ©, GJ c G, 
for every root «. 
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Now we show that if a root £ is a linear combination of roots in 
II, then ©; © MN". For from the definition of the set Èp it follows 
immediately that if « € XZ, and « -- f is a root, then a + 7 € Xp. 
Consequently, since [G,, G,] = 0 when æ + £$ is not a root, and 
[Gs G.] = G.,, when « + £ is a root, we have [6,, 37] = 3", 
hence, G, € NE, 

So we have established that NT > T+ € +- 2, 6, + 3". 


We show that we have, in fact, equality. From T € qu it follows 
that 
No =T C+ Y(R" A G,). 


We assume that for some root $ that does not belong to X, 
and is a linear combination of roots from II the intersection 
NT N G, is not empty. Let g #0 be an element in this 
intersection. 

Since every positive root either belongs to %,, or is a linear 
combination of roots in IT, we have 8 < 0. Consequently, —ß < 0, 
and hence —£ € £, O © 3". 

We know that [sp 6 e] #90. On the other hand, since 
[as Gg] € ©, the set [g,, 6p] is not contained in 3". This 
shows ‘that g, does not belong to the normalizer NT of 3", i 
contradiction to our assumption. 

So we have shown that 


N! =T +E +È G, + 3" (1) 
TI 


where the sum is taken over all roots that are representable as linear 
combinations of roots in II. We set 
G=sT+ C+ YG, 
(iT) 
Then (1) means that NT is a direct sum 
NT = GT + 3". 
It is not hard to verify that ©! is a reductive algebra, and that 


the system of its simple roots coincides with IT. 
Going over from Lie algebras to groups we conclude that the 
normalizer N"! of Z" is a semidirect product 


No = Guz (2) 


where G" is a reductive group whose Lie algebra is 6", 

Now we look for the stability group in the space of II-horo- 
spheres. It is not difficult to verify that this stability group is 
generated by the subgroups Z'! and NJ. Since NẸ = GgZq, by 
virtue of (2), we conclude: 

The stability group in the space Q" of the I-horospheres is the 


$7. DISCRETENESS OF THE SPECTRUM 389 


group GgZy. Thus, 
Q" = GEZI \ Ga 

2. Statement of the Main Theorem. We denote by H°(Gy \ G4) 
the intersection of the kernels of all horospherical maps, that is, the 
set of all functions f(x) € L.(Gg\G 4) whose integrals over all 
horospheres are zero. 

In other words, H°(Gg \ G4) consists of all functions f(g) on 
G, that satisfy the following conditions: 

1. f(yg) =J (8) for every y E Go; 


2 | IFO? de < œ; 
Go\Ga 
3. f f(zg) dz = 0 for every g e G4 and every subset IT of 
az 
simple roots. 
We recall that all horosphcres are compact; thus, the integra- 
tion in 3 is over a compact set. 
Clearly, the space H® is invariant under the representation 
operators T'(g) of Gy: 
T (go) f (8) =f (880)- 


The main task of this section is the decomposition of the represen- 
tation in H’ into irreducible representations. In this subsection we 
give a statement of the main result. 

First, we decompose H° into subspaces H}. Let K be the center 
of G. Obviously, the space H’ is invariant under the transformations 


Sia) ~flkg), KEK, 
and these transformations commute with the operators 7'(g). 
Furthermore, f (kg) = f(g) for every k € Kg. 
Hence, it follows that H? can be decomposed into the 
continuous direct sum of the spaces H?; 


H’ =fr dr, 


whcre m ranges over the set of unitary characters of K4 that are 
identically equal to unity on Kọ. The space H? consists of the 
functions f(g) on G, that satisfy the following conditions: 

1. f(yg) =f (8) for every y E€ Ga; 

2. f(kg) = a(k) f(g) for every k e Ky; 


3. f lde < w; 
Ge\GalK a 
f f (zg) dz = 0 for every g e G4 
zi \z{ 
and every subset [I of simple roots. 
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Thus, the task of decomposing the representation in H° into 
irreducible representations reduces to the same task in the spaces 
H’. 

The main theorem of this section asserts that H° splits into the 
direct sum of a countable number of invariant irreducible subspaces. 

In fact, we shall prove even more, namely that for every 
positive definite Schwartz-Bruhat functions y(g) on G, the operator 
T, has a trace in H®. From this result it follows (see § 3) that every 
irreducible unitary representation of G 4 occurring in H° is a tensor 
product of irreducible unitary representations of the groups G,. 


3. Siegel Sets on G,. We denote by Z,, the subgroup of G, 
consisting of the elements of the form 


Z =(z,,1,..-). (1) 
Similarly, we denote by T the group of elements of the form 
T =(t,1,...). (2) 


We use the term Siegel set connected with the subgroup Z for a subset of 
G4 of the form 
Zaol oV, (3) 


where V is a compact set and T, a semibounded subset of T,, 
that is, a subset such that ¢-14z¢ is bounded for every fixed z € Z,, 
when ¢ ranges over Tp- 

In addition we require that V is invariant under multiplication 
on the lcft by the subgroup U, = U A Zq, that is, 


UV = V. 


Here U is the subgroup of adeles of the form (1, u.,...u,,---); 
u, E Up 

We show that under this condition the image of a Siegel set S 
in X contains together with every point x at least one horosphere 
passing through it. 

Let x be a point of X belonging to the image of a Siegel set S, 
and g = zt, z € Z, t€ Ïa, v € V be one of its inverse images in S. 
We consider the set Z,,fU,v. This set is contained in S, and its 
image in X is a horosphere. This follows from the fact that the 
projection of Z,,U, onto Zo \ Z4 fills the whole of Za \ Za- 

In this subsection we show, on the basis of two results of Borel, 
that there exists a Siegel set S whose image under the natural map onto 
X = Gg \ G4 coincides with the whole of X. In other words, we show 
that the following decomposition holds: 


Ga = GoZoT oV, (4) 


where V is a compact set and T, a semibounded subset of T. 
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The decomposition (4) is a consequence of the following results 
of Borel. In [4] the following decomposition is established 


R 
Go = UGz7:Z, T2V o» (5) 
i=l 
where V,, is a compact set in Ga. Furthermore, as shown in [5], 
there exists a finite set of elements x,,..., Xm € G4 such that 
G1 = U Gox,.G%, (6) 


where G@ denotes the subgroup of G, consisting of the elements of 
G 4 of the form 


(Zo Ug, U3» ), Eo eG,, Up E€ U,. 


Here U, denotes the integral subgroup of G,. 

It is not hard to see that the groups G? and g-!G@g, where 
g€Gg, are commensurable, that is, their intersection is of finite 
index in each of them. 

Consequently, for every x € G4 there exists a finite set of 
elements x;,..., Xm in G4 such that 


m 
xG? = U GI Xr- 
=L 


Hence, there exists a finite set of elements y,, . . - , Ym in G4 such that 
Ga = U GoG3 Ir (7) 
k=1 


The decomposition (4) follows immediately from (5) and (7). 

In what follows we also use Siegel sets connected with I- 
horospheres. They are defined as follows. Let Z" be a horospherical 
subgroup of G, and N” its normalizer. As we have shown in § 7.1, 
N" = G"Z"™, where G" is a reductive group. We denote by T" a 
maximal torus that lies in the center of G” and splits over Q. Just as 
this was done for Z, we introduce the groups Z! and T3. 

Sets of the form 

zany, (8) 


where 7™ is a semibounded set in T! and V a compact set in Gy, 
are called Siegel sets corresponding to the [-horosphere. 
Here the set V is always subject to the additional condition: 


U"V = F, 
where U™ = ZI N U. 
Under these conditions, as in the case of Siegel sets connected 


with maximal horospherical subgroups Z4, the following proposition 
holds. 
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The image of a Siegel set contains together with every point x at least 
one I1-horosphere passing through it. 


4. Regular Siegel Sets. Let 
S=Z,T.V 


be a Siegel set. We recall that V is assumed to be invariant under 
multiplication on the left by the group U = U N Z,y, where U is 
the subgroup of adelcs of the form (l, us,...,u,...), Up E Up 
As we mentioned in § 7.3, under this assumption the image of S$ in 
X contains together with every point an entire horosphere passing 
through it. 

Note that these horospheres, in general, intersect cach other. 

It is not hard to verify that for the image of a Siegel set S$ in X 
to split into pairwise disjoint horospheres, the following condition 
is sufficient: 

There exists a neighborhood W of the unit element of G4 such 
that if gy'yg. € W, where y € Gog, Zi g2 E S, then y e A, where A is 
the sct of integral matrices in Zo. 

We know S splits into sets of the form Z,,U t,v,. As we men- 
tioned previously, the projections of these sets are horospheres. We 
show that the horosphcres corresponding to distinct values of ¢,v, 
modulo U, do not intersect. Suppose that this is not so, that is, the 
projections of the sets Z „Uot, and Z „Utv intersect. This means 
that there exists a y € Gg such that 


Y Zaub, = Zato. 
From the stated condition it follows that ye A < Z,,U,; hence, 
tv, = ul, where u € U, 
Siegel sets satisfying the condition are called regular. ‘The aim of 


this subsection is to prove the following proposition, 
Consider a Siegel sct of the following form: 


S = Zo o UgWo (1) 
where g is fixed clement of G4, We a compact neighborhood of the 
unit element, and 7, a semibounded set in T,- 


If the neighborhood W, is sufficiently small and the elements t of To 
satisfy the condition : 


a(ln t) > c for every simple root a, 


where c is a sufficiently large number, then S is a regular Siegel set. 
Let 
Ei = Zr SWy, Lo = Zolo ôW (2) 


be two- elements in S (here Z, Zz € Zo, thy te € Taos Un Uz E Uo, Wy 


§7. DISCRETENESS OF THE SPECTRUM 393 


w, E Wo), and let y € Go. We have to show that the condition 
Yg EW, (3) 


wW EUT ZI Y Zetatogw E W, (4) 


that is, 


where W is a fixed neighborhood of the unit element G4 (this 
neighborhood will be determined later), implies that y € A. 

We denote by F» a fundamental domain in Z,, relative to the 
subgroup of integral matrices in Z. We know that this domain is 
compact. 

We represent z, and z, in the form 


Zy = 0121, Za = 5223, 
where 
6, = (6, ]1,...,1,...), 6. = (6,1,...,1,...-), 


ô, and ô, are integral matrices, and z}, Z; € F. 
Then condition (4) can be rewritten in the form 


wio lu t z ÂT Y’) Zzlotlegis E W. (5) 

From (5) it follows that 
ELOT y Ota € (t71z)t1) Uog Wo WW") g1 Ug (tz *Zate)- (6) 
We consider the projection of the element t;'6;"ydet, onto the 
subgroup G, of adeles of the form (1, go,..+5 8 ,-++). Since the 


projections of the elements ¢,, ta, Ôn 62, 21, Zg onto G, are cqual to 1, 
we obtain from (6) that 


Ya © Uysal WWW") aka Ua (7) 
(The subscript a signifies projection onto Ga.) 


We assume the neighborhoods W, and W to be chosen so 
small that 


Eal WWW" )g* S U. (8) 
Then it follows from (7) that 
Ya E U, 
where y, = (l, Y, .. -3 y,» ), and so y is an integral matrix. 


Now we consider the projection of the element t776;"y6,t, onto 
Go- 
From (6) we find that 


OT Sata E (Zh) 8 o(WoWWo?) Sar (fz Zato). (9) 


We recall that the elements zj and z4 lie in a compact set. Since 
Ťa is semibounded, it follows that tī'zif and ¢j'zst, lie in a 
sufficiently small neighborhood of the unit element. Thus, (9) 
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means that 
ty oT yet. € K, 


where K is a sufficiently small neighborhood of the unit element and 
y’, as we have already shown, an integral matrix. 
The assertion of the theorem now follows immediately from the 
following lemma. 
Lemma. [If the elements t, and t, satisfy for every positive root 
a the inequality 
a(Int) >c, 


where c is a sufficiently large number, and if K is a sufficiently small 
neighborhood of the unit element, then the condition 


t Yt E K, 


where y is an integral matrix, implies that y € Z. 

Proof. We consider the adjoint representation of G. We also 
assume that the basis in the Lie algebra © of G „ is consistent with 
its decomposition into root spaces: 


6 = 6 + > G,. 


We may assume that precisely this matrix representation of 
G,, is the one taken initially. Thus, y is an element from the 
subgroup of integral matrices in the adjoint representation. 

In accordance with the decomposition © = 6) + >G, we 
write the matrices g € G in block-diagonal form: g = |\y2g|l. 

We have to show that yag = 0 when « <0, f > 0 and that 
Yaa 18 the unit matrix. 

Observe that in the chosen basis the matrices ¢ e T are block- 
diagonal, and their diagonal elements have the following form: 


laa = exp (a(ln t))€as 


where e, is a unit matrix. 
Thus, the elements of the matrix y’ = tī ‘yt, have the form 


Yap = exp [B(In t) — «(In 41) yap (10) 

Suppose then that « < O and £ > 0. By the condition of the lemma, 

for arbitrary corresponding elements 7,, and 7%, the matrices 
Yap and yi, satisfy the inequality 

(Fagl > exp (2c) |Fagl- (11) 


Assume that y,, #0. Since the nonzero elements of yag are 
integers, they are bounded below in modulus. But then, by (11), 





+ This proposition is justified by the well-known fact that the subgroups of integral 
matrices in various representations of G arc commensurable. 
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the elements of yi, cannot be arbitrarily small, and this contradicts 
the condition of the lemma. So we have shown that yep = 0 when 
a <0, 6 > 0. Now we show that y,, is a unit matrix. Observe that 
since y is a triangular matrix, as we have already shown, the fact 
that y and y~! are integral implies that y,, is a unimodular matrix. 
Condition (10) gives us: 


Yaa = XP (e(n 2) yae 
h 


Hence, it follows that 


t t 
det yia = exp”? (afin 2) det y,, = exp" (In *)), (12) 
1 1 
where n, is the order of y,,. 
Since the matrices y}, are by assumption sufficiently near to the 


unit matrix, the value of exp («(In (¢,f;*))) is, by (12), sufficiently 
near to l. 


Consequently, the matrix 


Yaa = CXP (—a(in t) Jya 
ti 


is sufficiently near to the unit matrix. But since, furthermore, y,, 
is an integral matrix, it must coincide with unit matrix, and the 
Iemma is proved. 


5. Regular Siegel Sets Connected with II-Horospheres. Let 
S = zu řiy 
be a Siegel set connected with the I-horospheres. We recall that by 
assumption the compact set V satisfies the following condition 


UV = V, 
where U" = UN Za, U is the subgroup of adeles of the form 
(l, uz, e, lip » >») tp €U,. Under this assumption the image of $ 


in X contains with every point x the entire II-horosphere passing 
through it. These horospheres intersect, in general. 

It is not hard to verify that the following condition is sufficient 
for the image of the Siegel set S in X to split into pairwise disjoint 
Il-horospheres: 

There exists a neighborhood W of the unit element in G4 such that if 
EYE E W, where gı, 8,6 W, y E€ Go, then y e A", where A" denotes 
the integral subgroup of ZG. 

The proof of this proposition proceeds just as for Sicgel scts 
connected with maximal horospherical subgroups Z 4 (see § 7.4). 

Siegel sets satisfying this condition are called regular. The 
following result is established following the pattern of § 7.4 for the 
case of maximal horospherical subgroups: 


396 REPRESENTATIONS OF ADELE GRO UP 


Consider a Siegel set of the following form 
S = ZUTTUZW,, 


where g is a fixed element in G4, W, a compact neighborhood of the 
unit element, and 7" a semibounded set in TT. 

If the neighborhood W, is sufficiently small and the elements t of the set 
TT satisfy the condition: 


afln t) >c 
for every simple root a, where c is a sufficiently large number, then S is a 
regular Stegel set. 
In this subsection we establish the following result: 
THEOREM. The space X = Go \ Ga can be covered by the projec- 


tions of a finite number of regular Stegel sets. 
Proof. As shown in § 7.3, there exists a Siegel set 


S=Z,T.V, 


whose projection onto X = Gg \ G4 coincides with X. Let II be an 
arbitrary subset of the set of simple roots. We denote by (TI) 
the subset of T, consisting of those ¢ for which 


a,(In i) >c, when a, € IT; 
a,(In#) < c, when «, ¢ Il, 


where ¢ is sufficiently large. 
Then it is obvious that 


S= 5 ZT, (V. 


We show that for each of the subsets Z,, T o (II)V there exists a 
Siegel set 


s = Zu pny 


whose projection onto X contains the projection of the set 
Z,,1',(11)V, and such that 
a(In ft) >c 


for every simple root « and every t € 7, where c is the constant 
determined above. 

Observe that the elements g and ôg, where ô € A, have one and 
the same projection onto X. Therefore, the projection onto X of the 
set Z,,7,,(I1) V coincides with the projection of Fo T.(Il)V, where 
F, is a fundamental domain of Z,, relative to the subgroup A of 
integral matrices. This domain Fe is a compact set. 

We split Z into the semidirect product 


Z, = Zazn 
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of the subgroup Z" and a complementary subgroup Z%.t We 
denote by FY the projection of F,, onto Z". Obviously, FT is a 
compact set; consequently, 7 
UM, 
tefo) 

is also compact, because T (TI) is semibounded. 

On the other hand, it is easy to verify that the set T (II) can 
be represented in the form of a product 


To) = TET’, 


where T” is a compact set and «(ln #) > ¢ for every simple root « 
and every t € TU, 
We set 


yn r’( Fa) y 


teT (M1) 
and show that 
su = zayoupu 
is the required set. 
For let ztv be an element of Z,,7(I)V. As we said earlier, we 


may assume that zéF,. Then we have z = 222, where 


z1 e Z", 21 ef, On the other hand, we have ¢ = "t, where 
e Er eT. 
Consequently, 
ziv = zt (t-žEt)v. 


From this decomposition it is clear that ztv belongs to $", as 
required. 
So we have shown that X is covered by the projections of a 
finite number of Sicgel sets 
z€ TTY, 


such that «(In £) > ¢ for every simple root « and every t € T1, 

To complete the proof of the theorem we remark that each of 
these sets is covered by finitely many sets of the form Z272¢,W, 
where W is a fixed sufficiently small neighborhood of the unit 
element. As was established earlier, if the constant ¢ is taken 
sufficiently large and the neighborhood W sufficiently small, then 
Z217"g.W are regular Siegel sets. Consequently, X can be covered 
by the projections of finitely many regular Siegel sets, as required. 


6. Reduction of the Main Theorem. We now turn to the proof 
of the main theorem which asserts that for every positive definite 


+ The Lie algebra of the group Z" is generated by the root spaces G, where « 
ranges over the positive roots that are linear combinations of simple roots not occurring 
in JI. 
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Schwartz-Bruhat function ¢(g) the trace of the operator T, in 
H! is finite. 

As we have shown in § 7.5, there exist regular Siegel sets $, 
whose projections X, onto X cover the whole of X. 

We consider the subspace L,(X,) of functions f(x) e La(X) that 
are concentrated on X, and denote by P, the projection operator 
onto L,(X,). 

Obviously, 

Tr T, < > Tr (P,7,P,)- 
Hy  PyHy 

Consequently, for the proof of the main theorem it is sufficient 
to show that the trace of the operator P,T „P, onto P,H? is finite. 

Now we make a further reduction of the main theorem. 

Let 

S, = ZU TEV 


be a regular Siegel sct whose projection onto X is X,. 
We consider the collection H2(S,) of all functions f(g) that 
are concentrated on S, and satisfy the following conditions: 


1. f(6g) = f(g) for every ô € A"; 
2. f(kg) = a(k) f(g) for every k e K4; 
3. f Ode < o; 

ANS K 4 
4, Sf (2g) dz™ = 0 if I, € M. 

alah 
We show that 

PH? = A7(S,). 
For by the map 
Sy, > Xp 


every function f(x) e P,H® can be put in correspondence with a 
function f (g) on S, defined by the formula 


A) =F (že) 
where x, is the projection of g into X,. An immediate verification 
shows that f,(g) € H°(S,) and that 


F(=) > filg) 


is an isometric map of P,H® into H9(S,). Consequently, this map 
can be regarded as an embedding. 

By virtue of this embedding, the proof of the main theorem 
reduces to the proof of the following proposition. 

The trace of T , in H°(S,) is finite for every positive definite Schwartz- 
Bruhat function yp. 
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This proposition will be proved in the next subsections. 

To simplify the exposition, the further arguments are given only 
for the case when G is semisimple. In this case X is trivial; hence, 
H? is the whole space H’. 

The investigation for an arbitrary reductive group differs from 
that given below only by a more cumbersome notation. 

We write the formula for the kernel of T, in the space 
H(S,) = L,(A\S,). This kernel has the following form: 


K (81, &2) = > P(T YE) Sv 82 E Sr (1) 
veGe 


We assume that the function g is concentrated in a sufficiently 
small neighborhood W of the unit element. Since S, is a regular 
Siegel set, the condition that gy*yg. € W, where g1, £z E Sr Y E Ga, 
implies that y e A", where A" is the subgroup of integral matrices 
of ZU. Thus, the summation in (1) is taken, in fact, over the elements 


y e A", that is 
K (8n 82) = 2 PET ôg»). (2) 
eA 


7. The p-Norm. The concept of the p-norm, which we 
now introduce, is important for the following investigation. Let 
S(x) =f(%,...,%*,) be a sufficiently often differentiable function 
of n real variables. 

We use the term p-norm of f(x), where p = 0, 1, 2,..., for the 


following expression: 
gpk 
If) Ip = max (max 7S) _)), © 


2} OXP +++ Ox? 
the maximum being taken over all points x and all subsets 
(i,,... ię) of the index set 1, ... n. 

Note that the concept of p-norm we have introduced is not 
invariant relative to the coordinate system. Therefore, in introducing 
the p-norm we must fix a definite system of coordinates. 

We need the concept of p-norm to estimate the sum of the 
moduli of Fourier coefficients of f(x). For let us assume that f(x) 
is a periodic function with period 1l in each of the variables x, and 
that cm, m = (m,,...,m,) are its Fourier coefficients: 





1 1 
Cm = f wee | Soer emrt n dxi tto dx, (2) 
0 0 


We show that then the following estimate holds: 
È lenl SCP IF llo (3) 
m#0 


where C” is a constant, Pp = 2, 3,.... 
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For consider the Fourier coefficients cw, Mm = (m,,..., Mp) in 
which Mis ..-, Ma are different from zero and m, = 0 for 
i Æ ip». -s I(t ~~, ty is a fixed subset of indices). Integrating by 
parts, we find the following estimate for these coefficients Cw: 

a” f(x) 
wee -p 
lem’) < C(m,, Mi)? max EA 
Hence, summing over all nonzero m,,, ..., M» we obtain 
ae (x) k 





È lem| < Ci max 
’ z 


m 


Ox? «++ Ox? | (4) 


Finally, summing the inequality (4) over all subsets of indices 
(i,,...%,), we obtain the required estimate (3). 


8. Proof of the Main Theorem. The operator 7, is considered 
in the space H = L,(A"\S,), where S, = ZET"V is a regular 
Siegel set and 9 a positive definite function on G4 that is concen- 
trated in a sufficiently small neighborhood of the unit element. 
The kernel of this operator has the following form: 


K (81, 2) = 2 oler ôg»). (1) 


In the preceding subsections we have reduced the proof of the 
main theorem to proving that the trace of T, on the subspace 
H?(A \ S,) is finite. This proof begins here and is completed in 
§ 7.10. 

In the Lie algebra 3% of the group Z! we choose a system of 
coordinates that is defined over Q and compatible with the decom- 
position of 3 into root spaces. Making use of the canonical map 


t—expt 


of 3" onto Z" we transfer this system of coordinates to Z% 
We denote by k,(g) the p-norm of the function 


p(z; g) = K(zg, 8), 


regarded as a function on Z2. We now show that there exists a p 
such that 


f k,(g) dg < œ. (2) 


First of all we estimate the number of nonzero terms in the series for 
K (zg, 8): , 
K (zg, g) = 2 lg tz ôg), g = z'tv. (3) 
e^ 
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By assumption for such terms we must have 
v-4t-1z'-1 ôz'tv e W, 


where W is a sufficiently small neighborhood of the identity. 
We rewrite this condition in the following form: 


v-1(t-1z't)-1(t-4z-} dt) (t-4z't)o e W. (4) 


Since z’ belongs to a bounded set and ¢ ranges over a semi- 
bounded set on a torus, ¢~1z’t belongs to a bounded set. Since v also 
belongs to a bounded set, by condition (4) we have 


ttz! ôt e W’, 
hence, 
tt ôt e (tiz) W’, (5) 


where W” is a sufficiently small neighborhood of the identity. We 
denote by g(z) the maximum of the moduli of the matrices z 
outside the main diagonal. Then we obtain from (5) the following 
estimate: 


g(t dt) < Cy(z). (6) 
(We use the fact that, since the set of elements ¢ is semibounded, we 
have g(t-!zt) < C,(z).) 

Observe that under the transformation 6 — t-t ôt every non- 
zero element outside the main diagonal of ô is multiplied by 
t-* = exp (—a(In é)), where « is a positive root (the same for every 
element of 5). Consequently, on the basis (6) we obtain the follow- 
ing estimate: 

(8) < Co(z)i, (7) 


where t% = exp (a,(In é)), and a, is the sum of all positive roots. 
Obviously, the number N of integral matrices 6 satisfying (7) 
is subject to the following estimate: 


N <Co(z)t™, 


where n is the dimension of the group Z". 
So we have established that the number of nonzero terms of 


the series (3) does not exceed Cy(z)t"™, where «o = > «, and n is 
a>0 
the dimension of Z". 


Now it is very easy to prove the convergence of the serics (3) 
for sufficiently large p. To see this we observe that the p-th derivative 
of every term in (3) does not exceed in modulus the number 


min {7t < ¢-(/a)a0, 
a>o 


where ao = > «, and a is the total number of roots. Consequently, 
a>0 
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the p-th derivative of the sum of (3) does not exceed 
Cp(z)tlr-@lerlao, 
So we have established that 
klg) < Co(z)etr-eione, 


By virtue of this estimate it is obvious that the integral 


f k (82) dg = f BZES dz dt dv 


all\s, allizgl r y 
converges if p is sufficiently large. 
We conclude the proof of the main theorem in § 7.10. In 
§ 7.9 we state, and in § 7.10 we prove, a fundamental lemma from 
which the finiteness of the trace of the operator satisfying condition 
(2) follows immediately. This lemma refers to a certain class of 
integral operators on soluble groups. 


9. Solvable Algebras and Groups. Statement of the Funda- 
mental Lemma. Let R be an algebraic Lie algebra, solvable and 
splitting over the field Q of rational numbers. As is well known, R 
admits the Chevalley decomposition 


where 3 is the maximal nilpotent ideal and T a commutative 
subalgebra; thus, 


[3, I] =€ 3 and [F, T] =0. 


In the nilpotent subalgebra 3 we can introduce in a natural 
way the concept of a root and of a root space. For we consider 
linear functions «(t) on T with values in Q. We call a function «(¢) 
a root if 3 contains a vector 3 + 0 such that 


[3, 4] = a(t)3 for every t e T. 


Obviously, the totality of vectors 3 corresponding to one and 
the same root a(t) forms a linear subspace of 3. We call it a root 
subspace and denote it by 3,. 

From the definition it follows that 


[3a 3]p € Bas 


for arbitrary roots « and £. In particular, if « -+ £ is not a root, then 


[3a 3a] = 0. 

We call a root « of the algebra 3 simple if it cannot be 
represented as a sum of other roots. 

We assume that the set of roots « of 3 satisfies the following 
conditions: 
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1. The simple roots form a linearly independent system IT). 
2. Every root of 3 is representable as the sum of simple roots. 


An algebra 3 satisfying these conditions is called regular. 

Furthermore, we always assume that the number of simple 
roots of 3 is equal to the dimension of the space T. 

We proceed from the algebra R = 3 + over Q, to its 
corresponding solvable group over the field of real numbers: 


R = ZT, 


where Z is the unipotent normal subgroup of R corresponding to 3, 
and T the torus corresponding to the commutative subalgebra T. 
We denote by A a discrete subgroup of Z that is of finite index 
in the group of all integral matrices in Z. 
We recall the definition of a semibounded set on the torus T. 
As set T° c T is called semibounded if for every fixed z e Z the 
set of elements of the form 


f1z2t, te T° 
is bounded. 
Let 
X = A \ ZT", 
where T° is a semibounded set on the torus, and A a subgroup of 
finite index of the group of integral matrices in Z. 


We consider the space L,(X), that is, the space of functions 
f(z, t), z € Z, t e T°, satisfying the following conditions: 


1. f(ôz, t) = f(z, t) for every ô € A; 


2. Í f(z, |? dz dt < œ. 
A\Z T’ 


Thus, the space L,(X) is a tensor product 
L,(X) = L,(4\ Z) © L,(7"). 


In L,(A \ Z) we select the subspace H, of functions whose integrals 
over every horosphere on A\Z vanish, and we consider the 
subspace 

f, =H, ® L,(T°) 


of L,(X) corresponding to Ho. 

Our next task is the proof of the lemma on the finiteness of the 
trace of the operator on A, that is stated below. 

We call an integral operator A on L,(X) with the kernel 
K (zıt, Zot) regular if the following conditions are satisfied : f 


+ It is implicit that K(d,2,t1, 6:Zsta2) = K(2141, Zate) for arbitrary 6,, ÂE A. 
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1. A is a self-adjoint positive operator. 

2. The kernel K is an infinitely differentiable function on 
XOX. 
3. We set 


k (2°, t) = Wf (z) lz (1) 


f(2) = K (zt, 2'i), 


and |f |, is the p-norm of the function f(z) =f(Tu..., Ta) 
defined in § 7.7, Then we can find a p such that 


where 


Í k, (z, t) dz dt < œ. 
A\ZT° 


The following proposition holds. 

Lemma. The trace of a regular operator A on the subspace Hy is 
finite. 

By the trace of the operator A on a subspace we mean the 
trace of the operator PAP, where P is the projection operator onto 
the given space. 


10. Proof of the Fundamental Lemma. The proof proceeds by 
induction on the number of roots of Z. 

We consider an arbitrary root space 3,, belonging to the center 
of the algebra 3:[3, 3m] = 0. Clearly, 3m is a subalgebra of 3. 
To this subalgebra 3,, there corresponds a subgroup Z,, belonging 
to the center of Z. 

Let y range over the set of characters of the compact commuta- 
tive group A,,\Z,,; H* the subspace of functions f(z) in 
H = L(A \ Z) for which 


Ff (Zm2) = X(2m)f(2) for every Zm € Zm- 


Obviously, the space H = L,(A \ Z) is the direct sum of the 
subspaces H*: 


H => H* 
x 
In H we single out the subspace 
H’ = > H’, 
LF Xo 


where ye is the character identically equal to 1. We show that the 
trace of the operator A on the subspace ’ = H’ @L,(T”) is finite. 
For let P, be the projection operator onto H* ®© L,(T°): 


Pf) = | Hem) f(Em2 t) dn 


Am\Zm 


§7. DISCRETENESS OF THE SPECTRUM 405 


Then we have 


Tr A = Tr (P,AP,) = f f L(Zm)K (Zmzt, Zt) dZm dZm dz dt. 
ax 


X AniZm 
Since 
TrA < > TrA, 
H x7 xo Hx 
thus, 
TrA<> f f Xl Zm) K (ZmZzt, zt) dz,, dz dt. (1) 
R LF Xo 
X Am\Zm 


From (1) it follows that 


TrA < fats, t) dz dt, 
A 
xX 


where 


alz) = F| f Hen)K (Enz, zi) den 
x40 Nam l 
Let us estimate a(z, t). Let ||K(Zmzł, zt, be the p-norm of the 
function K (z,,zt, zt), regarded as a function of z,,. On the basis of 
the estimate for the Fourier coefficients derived in § 7.7 we then 
have 
a(z, <C |\K(z,,zt, zt)'|,. 
But, as is easy to verify, 
IK (z„zt, 2t) lp < k,(z t), 
where k,(z, ¢) is the function defined by formula (1) in § 7.9. So 
we have 
a(z, t) <Ck,(z, t), 
and therefore 


TrA < [kyl t) dzdt 
lr 
xX 


for every p. By the assumption of the lemma there exists a p for 
which f k,(z, t) dz dt < œ. Consequently, Tr A is also finite. 
x , 


Now we proceed directly to the proof of the lemma: that the 
trace of A on the subspace H, = H, © La( T°) is finite. 
We decompose Ê, into the direct sum of subspaces 
MS = Hf & LT”), 
where HZ = H* ^ He. 


Since 
Å; z= > Ax Z A’, 
xX Xo 
we have 
Tr A< TrA. 


flo H 
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Consequently, by what was proved previously, A has a finite trace 
on the subspace A; = > Az. 


XA Xo 
Thus, to complete the proof of the lemma it suffices to verify 
that A also has a finite trace on the subspace 


Ay = HY © LT’). 
Let us show this. 
Observe that since Hye < A», 


Tr A = Tr P, AP, 
0 0 
Ažo nie 


where P,, is the projection operator onto f: 
0 


Pp {z = f SF (ZmZ, Ù dZm 
AalZn 
Thus, instead of A we can consider the operator P, AP, whose 
kernel is expressed in terms of the kernel K of A by the following 
formula: 


K (Zits Zele) = K (ZmZiby Zin Zele) AZm AZn. 
(Am\Zm) X(Am\Zm) 


_ Now let us find out how the spaces He = He @L,(T°) and 
Hx = Hx ® L,(T°) are constructed. 
The space H* consists of the functions f(z) € Z,(A\ Z) that 
satisfy the condition 
Ff (ZmZz) = f(z) for every Zm € Zm 
Consequently, 
He = 1,(A’\ Z’), 


where Z’ = Z,,\ Z, A’ = Z,,\ Z,A—~ A, \ A. 

In this realization Hg is the space of all functions in L(A’ \ Z’) 
whose integrals over every horosphere on A’ \ Z’ vanish. 

Observe that Z’ is a regular group, for its simple roots are the 
same as those of Z. Since the total number of roots in Z’ is one 
fewer than in Z (the last root has been deleted), we may, by the 
inductive hypothesis, assume the lemma to be proved for the space 

Xo 

Thus, if the regularity of the operator P,,AP,, on Ff is 
established, then it follows that its trace on the subspace Mže is 
finite. 

Obviously, the regularity conditions 1 and 2 hold for 
P „AP, It remains to verify that condition 3 holds. 

We consider the kernel K’ of the operator P, AP,, defined by 
(2). We must interpret this kernel as a function on 


(A’ \ Z'T°) @ (A \ ZT’). 
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We set f'(z) = K' (zt, 2t)z, 2€Z', k (Zza = I'll, where 
IJ’ (z), denotes the p-norm of f regarded as a function of z’ € Z’. 
Then the regularity condition 3 for P, AP,, comes to 


f k (z, t) dz dt < œ 
A’\Z'T® 
for a suitable p. It is not hard to verify that 


k (z, t) < [ in t) dZns 
AniZn 


where k,(z, t) is the function defined by (1) in § 7.9. Consequently, 


f k; (z, t) dz dt < f kplZmZ, t) dz,, dz dt. 
AZT? ANZ T? An\Zmn 


The integral on the right can be rewritten as 


Í k,(Z, t) dz dt. 
A\ZT° 


By assumption this integral is finite for some p. Consequently, for 
this p the integral 


f k (z, t) dz dt. 
antero 

is also finite. So we have proved the regularity of P,,AP,, on Ae, 
By the inductive hypothesis, it follows that the trace of this operator 
on the subspace Ë% is finite, and the lemma is proved. 

We now show that the main theorem follows from this lemma. 
For this purpose it is sufficient to verify that the integral operator 
discussed in § 7.8 is regular. Condition l obviously holds if the 
function ¢ is positive definite. Condition 2 holds if ọ is a Schwartz- 
Bruhat function. The fact that condition 3 holds was verified in 
§ 7.8. 


APPENDIX TO §7 
Functions on Regular Nilpotent Lie Groups 
1. Regular Nilpotent Algebras. Let 3 be a nilpotent algebraic 


Lie algebra over the field Q of rational numbers. We call 3 a 
graded algebra if 3 splits into the direct sum of linear subspaces 


3 = > 3o 
xet 
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where « ranges over a finite subset Mt of elements of a torsion-free 
abelian group. We also assume that the following conditions are 
satisfied : 


[3a 32] = Bap when a + È E M, 
[32 3s] = 0, when « + £ does not belong to M, 


‘The subscripts « € M are called roots of 3, and the corresponding 
subspaces 3, the root spaces of 3. 

We call a root « of 3 simple if it cannot be represented as the 
sum of other roots. 

We say that a graded algebra 3 is regular if the following 
conditions hold: 

1. Simple roots of 3 are linearly independent. 

2. Every root of 3 is representable as a sum of simple roots. 

Henceforth we consider only regular algebras 3. 

Let 


Io: ooo, Xp 


be the system of simple roots of 3. By definition, every root « of 3 
can be represented uniquely as a sum 


a= È Citi 
where the c; are nonnegative integers. 

With every pair of nonempty subsets II’, IT of the set IT, of all 
simple roots, II’ c II, we associate a subalgebra 31; of 3, which we 
define as follows: 

Let mi! be the set of all roots of the form 


x= È Cit (1) 


where the sum is taken over the set of simple roots in II and at 
least one root «; € I’ occurs in this sum with a nonzero coefficient. 


We set 
= 2 3e (2) 


aem! 


Obviously, 37 is a subalgebra of 3. Observe that in our 
notation 3 = 37%. Furthermore, we set 37, = 0, where the index 0 
denotes the empty set. We call the 37, horospherical subalgebras of 3. 
It is not hard to see that horospherical subalgebras are ideals of 3- 
We mention that among the horospherical algebras of 3 there is 
3 itself (because 3 = 3H?) and the null subalgebra. 

Note that 31 is a regular subalgebra of 3 whose system of 
simple roots is the set II. The algebras 30, Il’ c II, are also 
horospherical subalgebras of 37. 

The verification of the following properties of the algebras 

n presents no difficulties: 
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1. If I, = H, Ty = H, then 
Shi 3m (3) 


2. If I” < TI’ c I, then there is a decomposition into a 
direct sum 


E = 30 + 3i, (4) 
where II — II” denotes the complement to II” in II. In particular, 
every regular algebra 31) splits into the direct sum 


3n = + SHH 
of any horospherical subalgebra 3 and the regular subalgebra 
n(c I). 


2. Regular Nilpotent Lie Groups. Let 3 be an arbitrary 
nilpotent regular Lie algebra over Q, as defined in § 7.1, Appendix 1, 
and Il, the set of its simple roots. We denote by Z the nilpotent 
algebraic group over the field of real numbers corresponding to 3. 
Accordingly, we denote by Zi, NI’ c M e 1°, the algebraic 
subgroup over the field of real numbers corresponding to the 
subalgebra 37. Let A be the subgroup of integral matrices of Z, 
or an arbitrary subgroup of finite index in the group of integral 
matrices. We set 

AT = A A ZE, 


In accordance with the terminology of 1 we call the subgroups 
ZH horospherical subgroups of Z, and the subgroups Zp regular groups, 
among them the group Z = Zffe. 

We list the basic properties "of the groups Z"’. First, from the 
results of 1 it follows immediately that: 

1. If Il, c Da M1, < Tj, then 


Zc Zh, Am AR (1) 
2. If O” < Il’ c Il, then we have decompositions into semi- 
direct products: 
, -ow-n , HA mwn” 
ZĘ = Zi Zim An = ôn Anat, (2) 
where ZY is a normal subgroup of ZH. 
Next, it is not difficult to check that the spaces 
An \ Zo 
are compact. 
Since the groups ZY are nilpotent, they possess an invariant 
measure dz!’, We assume this measure to be normalized so that 


dz¥ = 1, 


an AZA 


(3) 
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Our task is the investigation of the space H = L(A \ Z), that 
is, the space of functions f(z) on Z satisfying the following conditions: 


L. f(6z) =f(2) for every ô EA; (4) 
2, f f(z)? dz < œ. (5) 
A\Z 


We now derive a decomposition of space H into a direct sum 
of subspaces that is important for representation theory (see the 
theorem below). 

We introduce the concept of a horosphere in the space A \ Z. 
Il-horospheres on Z are cosets Zf,z of the horospherical subgroup 
Zfi, in Z. The images of II-horospheres on Z under the natural map 


Z>A\Z 


are called II-horospheres in the space A\Z; they are obviously 
compact sets. 

We now examine the following subspaces of H. Let Hy be the 
subspace of functions f e H that are constant on the I-horospheres, 
that is, such that 


S(zh,z) =F (2) for every zh, © Zito: (6) 
Next, let Hn = Hy be the subspace of functions that are constant on 


the II-horospheres and such that their integrals over every II’- 
horosphere with II’ > H vanish: 


f(2i¥z) dziv = 0, Tl’ >Il. (7) 
Att, \ 2H 
Note that if I, € l, then Zi: c Zi, and therefore 
Hin > His 


There is a convenient way of describing the spaces Ha and Hir. 
Since the group Z splits into the semidirect product 


Z = Zi Zii 
by condition (6) the functions f € Hy may be regarded as functions 


on Zio j. Thus, 
Hi = LARN \ ZIRH- (8) 


Let us show that in this realization the subspace Hy, consists of all 


; . . —\ 7U- nani 
function f whose integrals over every horosphere in AJRIH \ Zin vanish, 


that is, 
S (2tf,—112) zit, = 0. (9) 


n n 
Ane-n \2n,—0 
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For suppose that II’ > TI, that is, JI’ = II] + M”, where 
Il” c M, — I, H” #0. Then we have the decomposition into the 
semidirect product 
Zit, = ZH, ZH, -r 
It is not hard to verify that for every function f € A the following 
integral relation holds: 


FN) def 
ah, a0) 
— ff FRR AR 0) de, d28 
ale-a \Zik-n Aho \Ho 


By virtue of this relation we have for every function f e Hy: 


FR) def, = fO End den (11) 
atl, \ZHo ah- \Zhe 
From (11) it follows that the conditions (7) and (9) are equivalent. 
We shall prove the following theorem. 


THEOREM. The spaces Hy are pairwise orthogonal and their direct 
sum is the whole space H, that is, 


H=5 H, 
Tl 


Here IT ranges over all subsets of II, including IT, itself and the 
empty set. + 

As a preliminary, we introduce the operators P, that associate 
with every function f € H its integral over the I-horospheres: 


Paf) = | ARA deh, (12) 
ah \Zho 
Obviously, Py is a projection operator, projecting the whole 
space H onto the subspace Hj;. Thus, in terms of the operators Pi, 
the subspaces Hj; and Hy can be described in the following way: 
1. Hi is the subspace of all functions f € H such that Puf = f. 
2. Hj, is the subspace of all functions f € H such that Py f =f 
and Pf = 0 for W > UI. 
Now we show that the operators Py satisfy the following 
relation: 
Pu.Pn, = Pran, (13) 
for arbitrary subsets IT, and IH, of simple roots. 
For the proof we use the following easily verifiable integral 
relation analogous to (10). 


t Note that H = H; and that An, = Hi, is the one-dimensional space of constants. 
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Let f(z) be an arbitrary summable function on the group Zj, 
that is constant on the cosets of Af, \ Zi, Then 


{re dz = Í f f(2z") dz” dz’, (14) 
rf, icin oie 
where ; 
FR = AM \ Za, FE" = (Af, O Ag) \ (Zh, O ZĘ). 


The operator Py Pn, is given by the following formula: 


Py Pof(Z) = Í f peazo dz) dz), (15) 
FHL FR 
By (14), the integral (15) can be represented in the form 
Pa, Pn, J (2) = Í f f Femz'2"2) dz'®) dz’ dz". 


Toit) pMa plg 
Fro-asne) Fy F'n, 


Since Zi: O Zi? € Zm, we may change the variable on the 
right by setting z% = 2(z’-1, Asa result of this change we obtain 


PaPaf = fO [jeza da az, 
FWD Fns 


that is, by (14), 
PaPa f(2) = Í f(2'2) dz = Prom f(2)- 


ryt 

So we have shown that Py Py, = Payin,- 

On the basis of this result we can now prove the first assertion 
of the theorem, that the spaces Hy are pairwise orthogonal. 

Let fı € Hap fe € An, Wl, # Ma Then fi = Po fs Je = Pu, fe 
Consequently, 

(Fife) = (Pa Py, fe) = (fp Py Pn, Ja = (Ji Pam J2)’ 

But by the definition of the space Hn, we have Pm+n, J2 = 9, 
hence, (fi, fo) = 0, as required. 

Now we prove the second assertion of the theorem, namely that 


Z Hy =H. 
n 


The proof is by induction on the number of simple roots. 
From the definition of Hy and Hy it follows that 
H =H, =H, + ( U Hi), (16) 
where 0 denotes the empty set and {a} the set consisting of the 
simple root « only. Thus, it is sufficient to show that 


Hia = > Hw 
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Let us study the space Hip in more detail. This space consists 
of the functions f(z) that are constant on the {«}-horospheres, that 
is, such that 

f (az) = f(z) for every z% e Zp. (17) 
Since the group Z splits into the semidirect product 
Z = Zi ZpS where Il, = IT, — {a}, 
Hj, may be regarded as a space of functions on Afg \ ZR? 
Hia = L(A \ Zn). 

Note that Ziz is a regular group whose set of simple roots II, 
is smaller than the sct II, of simple roots of the original group Z. 
Consequently, by the inductive hypothesis, the assertion of the 
theorem is true for the space Hip- 


So we have 
Hia = > Ham (18) 
TI Cilla 


where H, n is the subspace of functions on Zii that satisfy the follow- 
ing conditions: 


S (2mg2) =F (2) for every ZH, € Litgs (19) 


S (2,2) dm =9 for 1,20 >. (20) 
Afa \Zia 
The functions f(z) may be assumed to be extended to the whole 
group Z according to (17). 

We show that Hu € Anyi For let feH, Since 
Zhi ® = ZP Zil, it follows from (17) and (19) that f (zit!) = f(z) 
for every zt ) e ZĘ}, that is, the function f is constant on the 
(IL -+ {a}) )-horospheres. Next, lct Il’ > IT + {a}, that is, 


= Il; + {a}, 
where 11, 2 Mi, > Il. Since vce Zt = ZZ, we have by (17) and 
(20) : 
Sf (2,2) dz, 
AT \Ho 
= f Í Sf (zziiz) dzi dzi 
ae ZF) amz 
= f f(™z) dz = 0. 
ning 

So we have shown that H, n € Hms By (18) and (16) we find 
that $ Ha = H. This completes the proof of the theorem. 

ti 
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Chapter 1, § 1. § 1 contains an account of essentially classical 
results. The theorem on the finiteness of the number of sides of a 
fundamental domain on the Lobachevskii plane and the existence of 
parabolic vertices is due to Siegel. 


Chapter 1, §2. Frobenius introduced the concept of induced 
representations for finite groups [17]. The importance of their role 
in the theory of infinite-dimensional! representations of groups was 
discovered by Gel’fand and Naimark [29, 30]. The detailed theory 
of induced representations was developed by Mackey [49]. The 
theorem on the discreteness of the spectrum of an induced represen- 
tation in the case of a compact space I \ G is due to Gel’fand and 
Pyatetskii-Shapiro [31]. The criterion for complete reducibility of a 
representation given on p. 26 was found by Fell [16]. The trace 
formula (4 and 5) for the general case was obtained by Gel’fand 
and Pyatetskii-Shapiro [31]. The special case that refers to spaces 
on which the Laplace operators commute was obtained earlier, in 
another form, by Selberg [62]. 


Chapter 1, § 3. The irreducible unitary representations of the 
group of real matrices of order 2 were classified by Bargmann [2]. 
The spaces Q, (§ 3.5) were introduced by Gel’fand and Pyatetskii- 
Shapiro [31]. 


Chapter 1, § 4. The duality theorem for the representations 
of the discrete series of the group of matrices of order 2 was found by 
Gel’fand and Fomin [19]. The duality theorem for representations 
of the continuous series of the group of matrices of order 2 was 
obtained by Gel’fand and Pyatetskii-Shapiro [31]. Also in this 
paper is the general duality theorem of Pyatetskii-Shapiro. 
Property ! of semisimple Lic groups (§ 4.6) was established by 
Harish-Chandra. 


Chapter 1, §5. The trace formula for the group of real 
matrices of order 2 was obtained, by other methods, by Selberg 
and is known in the literature as Selberg’s trace formula [62]. 
The trace formula for the group of complex matrices of order 2 
(§ 5, App. 2) was first published in the paper by Gel’fand and 
Pyatetskii-Shapiro [31]. The theorem on continuous deformations 
(§ 5, App. 1) is also from Gel’fand and Pyatetskii-Shapiro. 


Chapter 1, § 6. The results (for any semisimple group G and a 
so-called regular discrete subgroup) are from Gelfand and 
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Pyatetskii-Shapiro [34]. The concept of a horospherical map, its 
applications to representation theory, and the clarification of its 
connection with integral geometry are due to Gel’fand and Graev 
[221. An account of some related problems is given in [28]. The 
most recent results in this field were obtained by Helgason [43]. The 
application of the horospherical map to the study of representations 
in the spaces L,(I \ G) is due to Gel’fand and Pyatetskii-Shapiro 
(32, 33, 34]. 


Chapter 1, Appendix. Quaternion groups were studied 
systematically by Eichler. 


Chapter 2, § 2. The spaces of test and generalized functions 
on a locally compact group were introduced by Bruhat [12]. The 
concepts of the Gamma-function, Beta-function, Bessel function and 
hypergeometric function for every locally compact field are due to 
Gel’fand and Graev [26]. 


Chapter 2, §3. The first papers on the theory of unitary 
representations of matrix groups with p-adic elements are by Mautner 
[50] and Bruhat [11]. The results of 1 through 9 are due to Gel’fand 
and Graev [26]. The formula for sphcrical functions in 10 was 
found by Mautner [50]. Spherical functions in the more general 
case were studied by Satake [60]. The results of 11 are due to the 
authors. 


Chapter 2, § 4. The results of 1 through 7 are due to Gel’fand 
and Graev [26]; those of 8 to Kirillov. 


Chapter 2, § 5. The trace formulae for a disconnected field 
were obtained by Gel’fand and Graev [26], for the field of complex 
numbers by Gel’fand and Naimark [30], and for the field of real 
numbers by Harish-Chandra [39]. 


Chapter 2, §6. The Plancherel formula for a disconnected 
field was obtained by Gel’fand and Graev [26], for the ficld of 
complex numbers by Gel’fand and Naimark [30], and for the field 
of real numbers by Bargmann [2]; sce also Harish-Chandra [39]. 


Chapter 2, Appendix. The results are due to Kirillov, who 
also wrote the text. 


Chapter 3, § 1. The concepts of an adele and idele are due 
to Chevalley; sce also Tate (thesis), Weil [72] and Lang [46!. 
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The Appendix to 1 is due to Pyatetskii-Shapiro. Similar results were 
obtained by Satake. 


Chapter 3, §2. The main results are due to Tate (thesis). 
The concept of a Tate ring (§ 2, App.) is due to the authors. 


Chapter 3, §3. The concept of the adele group of an 
arbitrary group G is due to Ono [54, 55], Tamagawa and, for the 
case of the orthogonal group, to Kneser [45]. The concept of the 
tensor product of representations for the direct product of groups 
with distinguished subgroups, which is introduced here, is due to the 
authors of the book [27]. The first theorem on tensor products in 2 
and 3 is by the authors. The second theorem in 5 was obtained by 
the authors together with Kirillov. The criteria for the existence ofa 
unique invariant vector were found essentially by Gel’fand [18]. 


Chapter 3, § 4. The method expounded in the book is that 
of the authors. The Russian edition of the book contained errors 
that were pointed out to the authors by Godement.} In the present 
English edition the authors have largely rewritten the text and 
eliminated the mistakes. The results of § 4, Appendix II are due to 
Pyatetskii-Shapiro. Similar results were obtained by Satake. 


Chapter 3, §§ 5 and 6. The main results are due to the 
authors. Considerably more complete results, even for an arbitrary 
reductive group, were obtained by Langlands (preprint). A brief 
account of his results is given in his paper “Eisenstein series” [47], 
and in Godement’s survey [37]. 


Chapter 3, § 7. The main theorem is due to the authors; the 
main lemma to Gel’fand and Pyatetskii-Shapiro [34]. § 7 Appendix 
is due to the authors. 


+ Godement also communicated (in a letter to the authors) his own elegant way of 
avoiding these errors. 


10. 


11. 
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hypergeometric, 161 
resembling analytic function in half- 
plane, 152 
Schwartz-Bruhat, 259, 268, 281, 312 
fundamental domain, 5 
in Jobachevskii plane, structure of, 
11, 16 
of modular group, 107, 110 


Gamma-function, 144 
generalized, 154 
incomplete, 150 
Garding space, 49 
generalized function, on disconnected 
field, 137 
Bessel, 154 
Beta-, 145 
Gamma-, 154 
homogeneous, 138 
gencralized Bruhat lemma, 362 
Peterson conjecture, 358 
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graded algebra, 407 
group, acting on space effectively, 5 
transitively, 1 
of adeles, 245 
of linear algebraic group, 271 
of additive characters, 127 
of ring of adeles, 248 
arithmetic, 106 
of characters of rational numbers, 
242 
horospherical, 386 
of ideles, 245 
of linear algebraic group, 272 
of unimodular matrices of order 2, 
283 
invariant measure on, 251 
lincar algebraic, 106 
nilpotent, 409 
reductive, 361 
splitting, 363 
regular, 409 
solvable, 403 
unipotent, 361 
modular, 106 
fundamental domain of, 107, 110 
of motions of space, 1 
with compact fundamental do- 
main, 8 
discrete, of homeomorphisms, 5 
of multiplicative characters, 127 
stability, 2 
of transformations, 1 
of type I, 222 


half-plane, in quadratic extension of 
disconnected field, 152 
Hecke operator, 356, 357, 358 
homogeneous function, 168 
generalized, 138 
horosphere(s), 381, 386 
in homogeneous space, 95, 176, 283 
space of, 177, 361, 381 
horospherical automorphism, 178, 306 
map, 293, 382 
subalgebra, 408 
subgroup, 95, 176, 283, 386, 409 
regular, 409 
hyperbolic element, 11 
primitive, 67, 84 
hypergeometric function, 161 


idele, 245 
principal, 248 
incomplete Gamma-function, 150 
induced representation, 19, 367 
spectrum of, 24 
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integral element of disconnected field, 
126 
operator, regular, 403 
intrinsic metric, 6 
invariant measure, 20, 135 
on group of adeles, 251 
vector, 42, 278 
inversion formula, 123, 212, 220 


Koval’skii-Pontryagin theorem, 125 


L-function, Dirichlet, 267, 341 
L-module, 248 
Laplace operator, 41, 48 
left translation, 365 
Legendre symbol, 213 
linear algebraic group, 106 
element on Riemann sphere, 3 
Lobachevskii plane, 12 
locally compact topological field, 124 


map, horospherical, 293, 382 
matrix element, in space, 60 
measure, invariant, 20, 135 
on group of adeles, 251 
Plancherel, 123 
quasi-invariant, 366 
Mellin transform, 34, 153, 154, 204, 262 
268, 271, 343 
metric, intrinsic, 6 
Minkowski’s lemma, 118 
modular group, 106 
fundamental domain of, 107, 110 
multiplicative character, 127 
rank of, 147 
multiplicity formula, 29, 77 


, 


neighborhood in disconnected field, 124 
von Neumann algebra, 221 
norm, of element, 116, 125 
in quadratic extension, 134 
of vector, 175, 257 


operator, Hecke, 356, 357, 358 
of horospherical automorphism, 306 
337 
Laplace, 41, 48 
of quasi-regular representation, 168 
of regular representation, 171 
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operator, (Continued) 
on symmetric space, 63 
trace of, 199 
Weyl, 369, 371, 373 


p-adic numbers, field of, 124, 126 
parabolic element, 11 
point, 16 
transformation, 15 
Peterson conjecture, generalized, 358 
Il-horosphere, 387, 410 
Plancherel formula, 122, 168, 210 
point, parabolic, 16 
singular, 173 
Poisson summation formula, 261 
polar coordinates, in quadratic exten- 
sion of disconnected field, 134 
power series, field of, 124, 126 
primitive element, elliptic, 70, 85 
hyperbolic, 67, 84 
principal adele, 244, 272 
idele, 248 
congruence subgroup, 111 
series of representations, 33, 90, 302 


quadratic extension of disconnected 
field, 131 

quasi-regular representation, 167 

quaternion algebra, 116 


rank, of additive character, 141 
of multiplicative character, 147 
reductive group, 361 
splitting, 363 
regular horospherical subgroup, 409 
representation, of class I, 174, 273, 276 
in gencral position, 367 
generated by homogeneous space, 
18 
of group of matrices with elements 
from finite field, 158, 185 
induced, 19, 367 
spectrum of, 24 
quasi-regular, 167 
of semisimple lie group, 58 
singular, 172 
trace of, 201 
of unimodular group, 231 
classification, 232 
representations, series of, continuous, 
157, 159, 163, 199 
discrete, 36, 183, 190, 192, 198 
principal, 33, 90, 302 
supplementary, 35, 91, 170 
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Riemann Zeta-function, 258 
surface, linear element on, 3 
ring, of adeles, 245 
of integers in disconnected field, 126 
self-dual, 248, 269 
Tate, 269 
root, 362, 402, 408 
positive and negative, 363 
subspace, 402 


Schwartz-Bruhat function, 259, 268, 
281, 312 
self-dual ring, 248, 269 
semibounded set, 403 
series of representations, continuous, 
157, 159, 163, 199 
discrete, 36, 183, 190, 192, 198 
principal, 33, 90, 302 
supplementary, 35, 91, 170 
set, cylindrical, 98, 291 
semibounded, 403 
Siegel set, 390, 392, 395 
singular point, 173 
representation, 172 
trace of, 201 
space, complete, 43 
Gårding, 49 
homogencous, 1 
of horospheres, 177, 361, 381 
compact, 288 
of right cosets, 2 
symmetric, 63 
of test functions, 137 
underlying affine, 297, 382 
spectrum, direct, of modules, 355 
of representation, 355, 379 
induced, 24 
spherical function, elementary, 175 
splitting reductive group, 363 
stability group, 2 
subalgebra, horospherical, 408 
subgroup, arithmetic, 106 
congruence, principal, 111 
horospherical, 95, 176, 183, 386, 
409 
regular, 409 
subring, unimodular, 270 
summation formula, Poisson, 261 
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supplementary series of representations, 
35, 91, 170 
symmetric space, 63 


Tamagawa number, 378 
Tate formula, 266 
pair, 270 
ring, 269 
tensor product, of representations, 223, 
273, 281 
of characters, 254 
test function, 137 
trace, of matrix, 27 
of operator, 26, 78 
of representation, 199, 201, 202, 207 
trace formula, 26, 28, 30 
for group of matrices of order 2, real, 
63, 76, 78, 84 
complex, 90, 91 
transform, Fourier, of function on group, 
209 
of generalized function, 143 
of Schwartz-Bruhat function, 259, 
268, 312 
of test function, 141, 317 
Mellin, of function on half-line, 343 
of generalized function, 154 
of Schwartz-Bruhat function, 262 
on self-dual ring, 271 
of test function, 153 
of trace, 204 
transformation(s), group of, 1 
parabolic, 15 


U-polynomial, 58 
underlying affine space, 297, 382 
unimodular subring, 270 


vector, of dominant weight, 54 
infinitely differentiable, 49 
invariant, 42, 278 


Zeta-function, 257 
Riemann, 258 


